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ABSTRACT OF THE DISSERTATION
Genetic and Biological Studies on Solanum Plants:
Insights into the Leaf Wax Alkane Paleoclimate Proxy
by
Amanda L. D. Bender
Doctor of Philosophy in Earth and Planetary Sciences
Washington University in St. Louis, 2017
Assistant Professor Alexander S. Bradley, Chair
The hydrogen isotopic composition (δ2H) of precipitation records fluxes of water in the
hydrological cycle, and can reflect climatic variables such as temperature and humidity. Leaf
wax n-alkanes can record δ2H of precipitation; consequently, n-alkanes extracted from
sedimentary archives are commonly used as proxies for paleoenvironmental reconstruction.
However, the utility of the leaf wax paleoclimate proxy is modulated by uncertainty about how
physiological processes affect hydrogen isotopic compositions during alkane biosynthesis. This
work aims to improve our understanding of the leaf wax paleoclimate proxy by examining
biological and environmental sources of variability on cuticular leaf waxes. We used Solanum
(tomato) species as a model organism complex to study leaf wax variability and found significant
biological effects on leaf wax δ2H values and leaf wax structural traits.
Using a set of introgression lines (ILs) between Solanum pennellii and Solanum lycopersicum cv
M82, we observed up to 60‰ variability among genetically similar plants grown in the same
environmental conditions and found that biological variance accounted for up to 24% of the
observed variance in leaf wax δ2H values. Our results imply that the majority of the leaf wax δ2H
signal is determined by environmental variance, but suggest that changes in δ2H values from
xviii

sedimentary alkanes also reflect variability induced by biological differences. Additionally, we
found that n-alkane chain-length distributions (ACLs) are under a moderate degree of genetic
control and are conserved among Solanum plants. These findings suggest that ACLs of
sedimentary alkanes may record environmental change due to changes in plant communities
rather than physiological changes induced by shifts in environmental conditions.
We found that leaf wax δ2H values were more variable among juvenile plants than mature plants.
Additionally, we found that leaf wax δ2H values were enriched along a base-to-tip gradient
within a single leaf, likely reflecting 2H-enrichment due to leaf water evapotranspiration. We
observed species-specific differences in biosynthetic fractionation among Solanum plants.

xix

1

INTRODUCTION

Understanding global environmental conditions from the distant past is the cornerstone of
paleoclimatology. Paleoclimate reconstruction is necessary to answer questions about how the
Earth’s climate has changed in the past, and to enable projections of how its climate may change
in the future. Our knowledge of past climate variations is gained through paleoclimate proxies –
physical, chemical, and biological materials within the geological record that can be analyzed
and correlated with climatic and environmental parameters (Eglinton and Eglinton, 2008).
Of particular interest are proxies that record changes in the hydrological cycle. The relative
abundances of the stable isotopes of hydrogen [1H (hydrogen) and 2H (deuterium), the ratio of
which is expressed as δ2H in per mil (‰), with more positive (enriched) values of δ2H indicating
an increased abundance of 2H] in the hydrologic cycle reflect different phases of the cycle, and
can be related to environmental parameters such as temperature and relative humidity (Craig,
1961; Craig and Gordon, 1965; Gat, 1996). Changes in precipitation δ2H values are well studied
from paleoarchives such as ice cores (Thompson et al., 1985, 2003), and are critical for
reconstructing changes in environmental conditions, including air temperature. However, ice
core records are innately restricted to high-altitude and high-latitude regions with the potential to
accumulate extensive amounts of snowfall. Additional proxies of precipitation δ2H are required
to extend paleoenvironmental reconstructions to temperate and tropical regions.

1

1.1 Leaf wax n-alkane paleoclimate proxy
Water is the primary hydrogen source of photosynthesizing organisms, and δ2H values of organic
matter preserved in sediments may provide a valuable record of local precipitation δ2H
incorporated during photosynthesis (Estep and Hoering, 1980; Sternberg, 1988). Initial studies
used bulk sedimentary organic matter to reconstruct precipitation δ2H, but the results were
complicated by many confounding factors. Bulk sedimentary organic matter can record
substantially different δ2H values that reflect differences in biosynthetic pathways and source
organisms (Hayes, 1993; Sessions et al., 1999), as well as varying degrees of isotopic exchange
between bound hydrogen and environmental water (Pedentchouk et al., 2006; Schimmelmann et
al., 2006). The extraction and direct analysis of δ2H values of individual lipid compounds from
sediments avoids many issues that confound the use of bulk sedimentary organic matter for
reconstructing changes in precipitation δ2H (Burgoyne and Hayes, 1998; Hilkert et al., 1999).
Lipids of biological origin are especially useful for paleoenvironmental reconstruction because
they are recalcitrant and readily preserved in sediments (Brocks and Summons, 2003; Eglinton
and Eglinton, 2008). In particular, the cuticular wax layer of higher terrestrial plant leaves
contains high amounts of long-chain n-alkanes, which are environmentally persistent
hydrocarbons (Eglinton and Hamilton, 1967; Jetter et al., 2006; Kolattukudy, 1969). These
aliphatic compounds are readily preserved in sedimentary archives with minimal isotopic
exchange among the covalently-bound hydrogen and carbon atoms at low temperatures (50-100
°C) over geologic timescales (Pedentchouk et al., 2006; Schimmelmann et al., 2006; Sessions et
al., 2004; Yang and Huang, 2003). Previous environmental and climate transect studies have
2

demonstrated the feasibility of the leaf wax n-alkane proxy, indicating that δ2H values of nalkanes extracted from soils and lake sediments are offset from, but significantly correlated with,
δ2H of measured and modeled environmental waters (Hou et al., 2008; Huang et al., 2004;
Sachse et al., 2012; Sauer et al., 2001). These results suggest that δ2H values of sedimentary nalkane values may record broad changes in environmental conditions.
However, the utility of the leaf wax paleoclimate proxy is moderated by uncertainty related to
the relative inputs of environmental and biological factors to the hydrogen isotopic compositions.
Previous studies of modern plants have revealed that n-alkane δ2H values record additional
environmental and physiological variables that affect hydrogen isotopic fractionation during leaf
wax biosynthesis. For example, a survey of plants capable of crassulacean acid metabolism that
were grown simultaneously in a semi-controlled environment yielded leaf wax n-alkanes with a
~90‰ interspecies range in δ2H values (Feakins and Sessions, 2010). Plants sampled from a
natural environment around Blood Pond, Massachusetts revealed a 70‰ range in δ2H leaf wax
values among a variety of plant types (Hou et al., 2007). Comparisons of n-alkanes from
angiosperm and conifer species within the same environment revealed up to 44‰ variability
between these plant types (Pedentchouk et al., 2008). Accurate paleoenvironmental
reconstruction from sedimentary n-alkanes relies on an awareness of the environmental versus
biological variables that are recorded in the leaf wax δ2H signal. The first step to understanding
the influence of biological variables on the leaf wax paleoclimate proxy is to understand the role
and synthesis of leaf waxes in plant cuticles.

3

1.2 Leaf cuticular alkanes
The leaves of terrestrial plants are coated with the cuticle, which serves an important role in
limiting uncontrolled water loss within plants (Domínguez et al., 2011; Jetter et al., 2006;
Riederer and Schreiber, 2001). Cuticles are thin (0.1–10 µm thick) membranes along the outer
surface of epidermal cell walls that consist of a polymer matrix (cutin), polysaccharides, and
lipids (cuticular waxes; Riederer and Schreiber, 2001). The lipid components of leaf cuticles
typically comprise mixtures of long (C21 – C39), straight-chain (i.e., normal, n-) alkanes,
alkanols, and alkanoic acids (Eglinton and Hamilton, 1967; Jetter et al., 2006; Kolattukudy,
1969). Branched alkanes with methyl groups at the iso (second) and anteiso (third) positions
have been identified in quantities that constitute up to 50% of total alkane content among some
plants: the Lamiaceae family (Huang et al., 2011; Reddy et al., 2000), Solanaceae family
(Bender et al., 2017; Grice et al., 2008; Halinski et al., 2015; Heemann et al., 1983; Rogge and
Hildemann, 1994; Szafranek and Synak, 2006), the Aeonium genus (Eglinton et al., 1962), and
an Arctic chickweed (Pautler et al., 2014). During analysis via mass spectrometry of an aliphatic
lipid extract bearing both n-alkanes and methylated alkanes, the iso-alkane elutes before the
anteiso-alkane, which precedes the n-alkane of the same carbon chain-length. For example, the
elution pattern observed among Solanum plants for alkanes with 31 carbon molecules is i-C31, aC31, and then n-C31 (Bender et al., 2017).
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1.2.1 Alkane synthesis
Alkanes derive from C16 and C18 fatty acids and are formed via the acetogenic pathway (Jetter et
al., 2006; Kolattukudy, 1969; Kunst and Samuels, 2003; Sachse et al., 2012; Samuels et al.,
2008). The different biosynthetic pools that contribute to alkane synthesis influence the isotopic
compositions of the carbon and hydrogen atoms of alkanes (Chikaraishi et al., 2004; Chikaraishi
and Naraoka, 2003; Sessions et al., 1999). Fatty acid de novo synthesis originates in leucoplasts
(colorless, nonphotosynthetic plastids in epidermal cells), where precursor acetyl-coenzyme A
(acetyl-CoA) is joined with C2 building blocks of malonyl-ACP to form long carbon chains
(Kolattukudy, 1969; Kunst and Samuels, 2003). Elongation within the leucoplast continues until
achieving a terminal chain length of 16 or 18 carbon atoms. To form alkanes, C16 and C18 fatty
acids are transported to the endoplasmic reticulum to form very-long-chain fatty acids (VLCFAs;
C22+). Elongation within the endoplasmic reticulum continues with C2 moieties from malonylCoA. During fatty acid synthesis within the leucoplast, hydrogen atoms derive from three
different sources: (1) the first three hydrogen atoms are inherited from the acetyl-CoA precursor,
and successive elongation cycles fix (2) two hydrogen atoms from 2H-depleted NADPH within
the plastid and (3) two hydrogen atoms transferred directly from plant water, which is the most
2

H-enriched. The elongation cycle adds hydrogen atoms from sources (2) and (3) in alternation,

generating an alternating enriched/depleted δ2H pattern at the even/odd positions (Kunst and
Samuels, 2003; Samuels et al., 2008). During elongation within the endoplasmic reticulum, two
hydrogen pools are sampled in alternation: (3) leaf water (again 2H-enriched) and (4) NADPH
sourced within the ER (again, 2H-depleted; Kunst and Samuels, 2003; Samuels et al., 2008).
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VLCFAs are converted into alkanes by decarboxylation, after which the wax molecules are
transported from the endoplasmic reticulum to the plasma membrane by unknown mechanisms
(Kunst and Samuels, 2003; Samuels et al., 2008). The decarboxylation process removes one
carbon atom from the acyl precursor, thus generating a characteristic odd-over-even
predominance in n-alkanes (Jetter et al., 2006; Kolattukudy, 1969; Kunst and Samuels, 2003;
Samuels et al., 2008). iso-Alkanes are also mainly odd-numbered, whereas the anteiso-alkanes
have a predominant even-numbered distribution (Bender et al., 2017; Kolattukudy, 1969; Reddy
et al., 2000). This pattern reflects the different biosynthetic precursors that “start” the methylated
alkane molecules within the acetogenic pathway (Kolattukudy, 1969). The anteiso-alkanes are
primarily started with α-methylbutyryl-CoA (a C5 unit), which is elongated by C2 units and then
decarboxylated, generating an even-numbered dominance. In comparison, iso-alkanes are
primarily started with iso-butyryl-CoA (a C4 unit), which results in an odd-numbered dominance
(Kolattukudy, 1969; Reddy et al., 2000).

1.2.2 Leaf wax traits
When using n-alkanes as biomarkers, the distributions and characteristics are commonly
summarized by both structural and isotopic traits. Average chain length (ACL) is a weighted
average of carbon chain-lengths, and is generally calculated for high-molecular-weight alkanes
(Freeman and Pancost, 2014). ACLs from sedimentary n-alkanes may relate to climatic variables
such as temperature and humidity (Bush and McInerney, 2013, 2015; Rommerskirchen et al.,
2003; Vogts et al., 2012). However, n-alkanes from individual plants are more likely to be under
the influence of strong genetic components related to the biology of the plant (Bender et al.,
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2017; Bush and McInerney, 2013, 2015). The carbon preference index (CPI) summarizes the
balance between odd and even chain-lengths, with values greater than 1 indicating an odd-overeven predominance within a sample (Marzi et al., 1993). The relative abundance of leaf wax
alkanes is often normalized to dry leaf mass, and has been demonstrated to be higher in longerlived leaves (Diefendorf et al., 2011). The relative abundances of the stable isotopes of carbon
(12C and 13C, expressed as δ13C) in leaf wax n-alkanes reveal information about both
environmental and biological variables. Stable isotope ratios of carbon measured from n-alkanes
integrate information about the photosynthetic pathway used by the plant (i.e., C3 or C4
biosynthetic pathway; Naafs et al., 2012; Tipple and Pagani, 2010), factors (including aridity)
that affect physiological parameters such as water use efficiency (WUE) and stomatal
conductance (Farquhar et al., 1989), and may be sensitive to environmental parameters such as
light intensity, nutrient availability, position in the canopy, and ambient atmospheric CO2
concentration (Diefendorf and Freimuth, 2017; Schubert and Jahren, 2012).
Hydrogen isotopic ratios in plant wax n-alkanes are, as described above, related to δ2H of
precipitation, but are further modulated by local hydrological processes and by isotope effects
associated with biosynthesis (Sachse et al., 2012). For example, the isotopic composition of leaf
water used at the site of leaf wax biosynthesis is dependent on physiological processes, such as
evapotranspiration. There are marked differences among δ2H values of the various water pools
involved in plant water uptake: meteoric water, soil water (which is generally 2H-enriched due to
evaporation), leaf water (which is further 2H-enriched by evapotranspiration), and leaf waxes
(which are 2H-depleted relative to leaf water; Sachse et al., 2006, 2012; Smith and Freeman,
7

2006). The offset between a plant’s source water δ2H and leaf wax δ2H values is defined as the
net or apparent fractionation (εapp), and the offset between a plant’s leaf water δ2H and leaf wax
δ2H values is defined as the biosynthetic fractionation (εbio; Sachse et al., 2006, 2012; Sessions et
al., 1999). Values of εapp are known to vary among different plant growth forms (Chikaraishi and
Naraoka, 2003; Hou et al., 2008; Kahmen et al., 2013a; Sachse et al., 2012) and by phylogenetic
lineage (Gao et al., 2014). Biosynthetic fractionation εbio has been suggested to be constant
within a particular species (Sessions et al., 1999), but has been shown to vary between
dicotyledonous and monocotyledonous plant species (Kahmen et al., 2013b).
The above discussion emphasizes that biological factors can strongly influence leaf wax traits,
including δ2H values. In order to accurately interpret paleoclimate signals from sedimentary nalkanes, we must resolve biological from environmental effects on leaf wax traits among modern
plants.

1.3 Objective of this dissertation
The following dissertation work aims to improve our understanding of the leaf wax paleoclimate
proxy by examining how biological and environmental sources of variability affect cuticular leaf
waxes. It focuses on using Solanum (tomato) species as a model organism complex for studying
leaf wax traits in a variety of settings. This dissertation has three primary goals. The first goal is
to determine the relative influences of genetic versus environmental variation to leaf wax
paleoclimate signals, employing two large-scale growth experiments with the Solanum pennellii
ILs (defined below; Chapters 2 and 3). The second goal is to investigate variations in leaf wax
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traits on the scale of individual plants and leaves (Chapter 4). The third goal is to investigate
how biosynthetic fractionation varies among plants that are adapted to different hydrological
regimes (Chapter 5).

1.3.1 Solanum spp. as a model species complex
Model organisms are biological species that are extensively studied to understand biological
phenomena, and can provide insight into the workings of other organisms. In order to study
variations in traits that may be imparted by environmental variation, it is useful to study plants
with origins in a diverse set of environments, such as the Solanum (tomato) family (Yeats et al.,
2012). Solanum lycopersicum cv M82 (hereafter cv M82) is a domestic cultivar selected in
water-replete conditions. Two sister wild species from the Atacama desert and surrounding
region were also studied: Solanum pennellii and Solanum habrochaites (Rodriguez et al., 2009).
S. pennellii is a drought-tolerant species endemic to the dry slopes of the Central Peruvian
Andes, an area with <100 mm annual precipitation (Warnock, 1991). In comparison, S.
habrochaites is endemic to regions with ~700 mm annual precipitation and has adaptations for
stress tolerance (Yeats et al., 2012).
Each of these three Solanum species has phenotypic distinctions: for example, cv M82 has a
greater fruit size than either wild species, and all three species have different leaf sizes and
complexity. In terms of wax content, cv M82 leaves comprised 0.96% lipids per total leaf dry
mass, whereas S. pennellii leaves yielded 19.9% lipids per total leaf dry mass (Fobes et al.,
1985). Because much of the information encoded in δ2H of leaf waxes relates to water
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availability, the dramatically different water adaptations of these three Solanum species make
these ideal organisms with which to study the leaf wax proxy. Although these species are not
abundant producers of leaf waxes in terrestrial ecosystems, they provide a useful tool for
investigating plant genetics and physiology.

1.3.2 Research outline
We begin by assessing the relative inputs of genetic and environmental variation to the leaf wax
carbon (Chapter 2) and hydrogen isotopic (Chapter 3) paleoclimate proxies. Crosses between
closely related plant species can generate more information about phenotypes than either parent
species alone. Here, we use a set of precisely defined near-isogenic introgression lines (ILs;
Eshed and Zamir, 1995) between cv M82 and S. pennellii. The IL library consists of 76 plants
that contain marker-defined genomic regions from wild S. pennellii introgressed onto the
background of domesticated cv M82. Together, the introgression segments of the 76 ILs span the
entire genome of the wild tomato, S. pennellii. The ILs are nearly isogenic to cv M82, thus all of
the genetic variation that differentiates each IL from the domestic tomato can be attributed to the
introgressed segment. We can measure the variability of specific traits and correlate this
variability with specific genetic loci (i.e., quantitative trait loci, or QTL). Because this IL library
spans the entire genome of S. pennellii, this resource is invaluable for quantifying genes that
underlie leaf wax traits of interest that differ between the two parent lines. The S. pennellii ILs
provide a unique resource for applying tools from quantitative genetics; we quantify the relative
contributions of genetic versus environmental controls over leaf wax traits by calculating broadsense heritability (H2), defined as the proportion of total phenotypic variance that can be
10

attributed to genetic variation (Futuyma, 1998). Higher values of broad-sense heritability
indicate that more of the variance in the trait can be attributed to genetic variance.
In Chapter 2, we find evidence from our sample population that supports the interpretation that
variation in the δ13C of wax compounds recorded in sediments reflects primarily
paleoenvironmental and vegetation changes. We also observe that ACL of n-alkanes is strongly
influenced by genetic variance and that ACLs are strongly conserved within Solanum; these
findings provide support for the conclusion that sedimentary alkane ACLs reflect environmental
changes that result from shifting plant communities rather than plastic physiological shifts within
plants induced by environmental change. We also introduce the methylation index to quantify the
relative abundances of methylated to total alkanes within a sample. In Chapter 3, we observe
variability in leaf wax δ2H values of up to 47‰ among all IL plants, which demonstrates that
genetically similar plants grown under the same environmental conditions do not record a
constant environmental signal. We find evidence among our sample population that leaf wax δ2H
values are moderately influenced by genetic variance (up to 24%). Our finding suggests that
caution should be exercised when interpreting sedimentary leaf wax records as indicators of
environmental change. Additionally, we observe a positive correlation between the methylation
index and leaf wax alkane δ2H values. We suggest that this correlation may reflect the role of
methylated alkanes regulating cuticular permeability. When comparing the results from
Chapters 2 and 3 – which were conducted in greenhouse and outdoor field settings, respectively
– we found differences in leaf wax traits that suggest that genetic influences on leaf wax traits
may be reduced in natural environments. The results from these two chapters regarding broad11

sense heritability of leaf wax traits bear important implications for interpreting sedimentary leaf
wax traits, but broad-sense heritability is specific to the population and environment in which it
is measured. Further research is needed to determine whether other plants reveal similar relative
contributions of genetic control on leaf wax traits.
In Chapter 4, we examine intra-plant and intra-leaf variability of leaf wax traits among young
and old plants of cv M82. We observe that leaf wax δ2H values are relatively stable among all
leaves of mature plants, and may reflect a slight gradient in 2H-enrichment that can be attributed
to general plant water evapotranspiration. Among juvenile plants (i.e., that have not begun
fruiting), leaf wax δ2H values are more variable; we observe that older leaves are 2H-enriched
relative to younger leaves, suggesting that physiological factors aside from evapotranspiration
affect leaf wax δ2H values. Leaf wax δ2H values are consistently more enriched from leaves of
juvenile plants relative to those from mature plants. Within individual leaves, we observe a 2Henrichment pattern along a base-to-tip gradient, which suggests that variable evaporative leaf
water 2H-enrichment can be imprinted on leaf wax δ2H values at the leaf scale. Among juvenile
plants, we find that increased alkane methylation is correlated with depleted leaf wax δ2H values,
suggesting that there may be a connection between alkane methylation and leaf wax
transpiration.
In Chapter 5, we test for species-specific biosynthetic fractionation (εbio) among three Solanum
species (cv M82, S. pennellii, and S. habrochaites) in two climate-controlled growth chambers:
one with low relative humidity and the other with high relative humidity. Our results confirm
that leaf wax δ2H values record the effects of evapotranspiration, which supports the use of
12

sedimentary leaf waxes to reconstruct changes in environmental humidity. We observe
significant species-specific differences in εbio that alter the δ2H values of leaf waxes from plants
grown under the same environmental conditions. We also observe that εbio of S. habrochaites is
variable between the two humidity treatments, which may reflect effects of plant ontogeny on
leaf wax biosynthesis. Additionally, among these plants we observe a negative correlation
between alkane methylation and leaf wax δ2H values only among cv M82 grown under high
humidity conditions, suggesting that our proposed link between alkane methylation and
transpiration is not consistent among all plants and may be influenced by environmental
humidity.
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2.1 Abstract
Leaf wax n-alkanes are broadly used to reconstruct paleoenvironmental information. However,
the utility of n-alkanes as a paleoenvironmental proxy may be modulated by the extent to which
biological as well as environmental factors influence the structural and isotopic variability of leaf
waxes. In paleoclimate applications, there is usually an implicit assumption that most variation
of leaf wax traits through a time series can be attributed to environmental change and that
biological sources of variability within plant communities are small. For example, changes in
hydrology affect the δ2H of waxes via rainwater and the δ13C of leaf waxes by changing plant
communities. We measured the degree of genetic control over δ13C variation in leaf waxes
within closely related species with an experimental greenhouse growth study. We measured the
proportion of variability in structural and isotopic leaf wax traits that is attributable to genetic
variation using a set of 76 introgression lines (ILs) between two interfertile Solanum (tomato)
species: S. lycopersicum cv M82 (hereafter cv M82) and S. pennellii. Leaves of S. pennellii, a
wild desert tomato relative, produced significantly more iso-alkanes than cv M82, a domesticated
tomato cultivar adapted to water-replete conditions. We report a methylation index to summarize
the ratio of branched (iso- and anteiso-) to total alkanes. Between S. pennellii and cv M82, the
iso-alkanes were found to be enriched in 13C by 1.2–1.4‰ over n-alkanes. The broad-sense
heritability values (H2) of leaf wax traits describe the degree to which genetic variation
contributes to variation of these traits. Variation of individual carbon isotopic compositions of
alkanes were of low heritability (H2 = 0.13–0.19), suggesting that most variation in δ13C of leaf
waxes in this study can be attributed to environmental variance. This supports the interpretation
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that variation in the δ13C of wax compounds recorded in sediments reflects paleoenvironmental
and vegetation changes. Average chain length (ACL) values of n-alkanes were of intermediate
heritability (H2 = 0.30), suggesting that ACL values are more strongly influenced by genetic
cues.

2.2 Introduction
Long chain (C21 – C39) n-alkanes are characteristic components of the cuticular waxes of
terrestrial plants (Jetter et al., 2006). Alkanes are geologically stable, and their structures and
isotopic compositions carry biological and environmental information. In a geological context,
this information can be used for paleoenvironmental and paleoecological reconstructions.
Structural traits in n-alkanes, such as average chain length (ACL), may relate to climatic
variables such as temperature and humidity, as well as to the biology of the plants that have
produced the n-alkanes (Bush and McInerney, 2013, 2015; Freeman and Pancost, 2014). Stable
isotopes of carbon (δ13C) in plant materials, including waxes, may integrate information about
carbon fixation pathway (Naafs et al., 2012; Tipple and Pagani, 2010) and physiological
parameters such as water use efficiency (WUE) and stomatal conductance (Easlon et al., 2014;
Farquhar et al., 1989), and may also be sensitive to environmental parameters such as light
intensity, nutrient availability, position in the canopy, and atmospheric CO2 concentration
(Diefendorf and Freimuth, 2017; Schubert and Jahren, 2012). These relationships are complex,
and may be subject to change with plant adaptation (Diefendorf and Freimuth, 2017). Hydrogen
ratios (δ2H) in plant wax n-alkanes are also informative, and relate to the δ2H of rainwater, as
well as to a number of environmental and physiological parameters (Sachse et al., 2012).
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The utility of n-alkanes in tracing environmental variability is moderated by uncertainties about
the multiple sources of structural and isotopic variability. Generally, the values of parameters
describing leaf waxes accumulated in sediments are assumed to have been smoothed by
integration of many sources across a catchment. Nonetheless, the mechanistic controls of plant
biology on variability are critical to understanding how to extract information from sedimentary
leaf waxes. In this study, we address one source of such variability: the degree to which
variability in leaf wax traits is a function of plant biology in addition to environmental
conditions. This will address genetic and physiological factors that control structural and isotopic
variability in plant wax compounds.
Previous studies have approached this problem by sampling leaf wax material from a range of
species in a terrestrial environment. For example, Hou et al. (2007a) showed that δ2H values covary with δ13C values of leaf waxes and may be related to WUE in a range of tree species
sampled in a single environment near Blood Pond, Massachusetts (Hou et al., 2007a). Total nalkane abundances vary greatly among angiosperms; for example, total n-alkane abundances in
different species of the same plant family (Betulaceae) range from <50 µg/g dry leaf to 1300
µg/g dry leaf (Diefendorf et al., 2011). Carbon isotope values of n-alkanes measured from a wide
range of angiosperms have been reported to vary by up to ~10‰ (Diefendorf et al., 2011), and
alkanes among conifer families can vary by ~6‰ (Diefendorf et al., 2015). These examples
demonstrate variability in leaf waxes among various lineages of plants.
Strong genetic determination is responsible for some of these differences. For example,
differences in photosynthetic pathways impart a strong carbon isotopic discrimination in n24

alkanes. Across 10 studies, n-C29 and n-C31 alkanes from C3 plants showed mean δ13C values of 34.0‰ and -34.3‰ with 1σ variation of 3.3‰ and 3.0‰, respectively, whereas the same alkanes
from C4 plants have mean δ13C values of -21.4‰ and -21.7‰ and 1σ variations of 2.3‰ and
2.3‰ in C4 plants (Figure 2.1; Supplemental Dataset 2.1). Variation in the carbon isotopic
composition of sedimentary leaf waxes is usually attributed to vegetation change, including
varying inputs of C3 and C4 plants (Castañeda et al., 2009a, 2009b; Eglinton et al., 2002; Feakins
et al., 2005, 2007; Tipple and Pagani, 2010), distinctions between conifer and angiosperm inputs
(e.g., Diefendorf et al., 2015; Pedentchouk et al., 2008), water availability (e.g., Diefendorf et al.,
2010), and are used to track changes in the carbon cycle in the past (e.g., McInerney and Wing,
2011).
Within a given plant type, variability of leaf waxes can result from changes in the environment.
Variation in water availability and mean annual precipitation have been shown to influence δ13C
values (Diefendorf et al., 2010). Light intensity, nutrient availability, and the partial pressure of
CO2 might also affect δ13C values (Diefendorf and Freimuth, 2017). The response of individual
plant types to these environmental forcings is a function of plant biology. Leaf wax parameters
such as ACL, δ13C, and δD can be viewed as phenotypes – the set of characteristics of a plant
that are produced from the interaction of the genotype with the environment. If δ13C values and
other plant phenotypes are to be used to reconstruct environmental variation, this prompts a
critical question: how much of the observed variability is due to environmental change, as
opposed to genetic variability within populations?
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This question can be addressed by quantifying the contribution of genetics and environment to
phenotypic variability. Continuous phenotypic traits, such as ACL or the isotopic composition of
n-alkanes, can be parameterized as reflecting a combination of genotypic factors that interact
with the environment. Although this interaction is commonly recognized in biological studies,
the genotype-environment interaction is rarely considered in paleoenvironmental applications.
The contribution of genetic variation to phenotypic variation of a trait can be measured as the
broad-sense heritability (H2; Conner and Hartl, 2004; Futuyma, 1998). We directly assess H2 of
structural and isotopic leaf wax traits of plants grown in a greenhouse. It is important to
recognize that even in a relatively controlled environment like a greenhouse, significant
environmental variations exist, many of which cannot be precisely controlled or measured. These
differences can result in phenotypic differences among replicate plants – for example variation in
structural and isotopic characteristics of leaf waxes. By definition, the phenotypic value (P) of a
trait results from the genotype (G) of the organism plus an environmental deviation (E) from the
genotypic value:
P=G+E

(1)

(Conner and Hartl, 2004). In a given environment we can calculate the relative influence of
genotypic and environmental variation on phenotypic variation by precisely measuring variance
in the phenotype (VP) and genotype (VG). In this study, we achieved this with a model species
complex consisting of precisely defined near-isogenic introgression lines (ILs; Eshed and Zamir,
1995) between two interfertile Solanum (tomato) species. Each of the 76 ILs possesses a single
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introgressed genomic segment from the desert wild tomato relative Solanum pennellii in a
domesticated tomato Solanum lycopersicum cv M82 background (hereafter, cv M82). Together,
the introgression segments of the 76 ILs span the entire wild tomato genome. These two species
are useful for this investigation because they are adapted to regions with vastly different
hydrological settings. Endemic to the dry slopes of the Central Peruvian Andes (Warnock, 1991),
S. pennellii bears smaller fruit and leaves that are smaller and less complex than those of cv
M82, which is well-adapted to water-replete conditions (Chitwood et al., 2013). The leaves of
these two species vary in their wax content; epicuticular lipids comprised 0.96% and 19.9% of
total leaf dry weight in 17-week old leaves from cv M82 and S. pennellii, respectively (Fobes et
al., 1985).
In this study, we use the Solanum pennellii ILs to resolve genetic and environmental effects on
variability in leaf wax n-alkane δ13C values and structural traits, and to identify quantitative trait
loci (QTL) for these leaf wax traits. Although these species are not abundant producers of leaf
waxes in terrestrial ecosystems, they provide a useful tool for investigating plant genetics and
physiology. These can be considered model organisms in the same way that Escherichia coli is
used as a model organism for understanding fundamentals of bacterial physiology and genetics.
Using this model species complex to determine the role of heritability in the production of plant
wax traits allows us assess the importance of genetic variation in the variation of leaf wax
phenotypes. Quantifying the contribution of genetic variation to total phenotypic variation is a
step towards incorporating an understanding of genetic variation into interpretation of leaf wax
isotopic records.
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2.3 Materials and Methods
2.3.1 Plant materials, growth conditions, and experimental design
We obtained second-generation Solanum pennellii ILs (Eshed and Zamir, 1995), Solanum
pennellii, and Solanum lycopersicum cv M82 seeds from the Tomato Genetics Resource Center
and the lab of Neelima Sinha (University of California, Davis) and Dani Zamir (Hebrew
University, Rehovot, Israel). All seeds were prepared and germinated at the Donald Danforth
Plant Science Center in St. Louis, MO as described in Chitwood et al. (2013).
Growth conditions for cv M82 and S. pennellii
In order to characterize the variance of leaf wax traits between the two parent lines, we grew ten
replicates of each parent species in the greenhouse from November 2013 – January 2014. The
seeds were germinated in late November 2013. Seedlings were transplanted into 2-gallon
planters in the greenhouse and staggered along a greenhouse bench. Seedlings were vigorously
top watered after transplanting and further watered and fertilized to ensure plant growth;
irrigation water was supplied from a tap water reservoir.
Anthesis (the flowering period) began in late December 2013; leaves were collected from each
plant in early January 2014. One leaf was collected from each plant for leaf wax extraction and
analysis based on specific criteria: (i) the leaf was fully developed (i.e., leaflets were fully
unfurled), and (ii) the leaf was young (i.e., close to the top of the plant, arising after the
reproductive transition). These criteria were selected to minimize variability due to timing of leaf
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development. Each sample comprised the five primary leaflets of each leaf (terminal, distal, and
proximal lateral left and right).
Growth conditions for ILs and cv M82
We grew the 76 ILs from December 2013 – February 2014. Seeds were germinated in December
and transplanted to 3-gallon planters in the greenhouse in January. The ILs and cv M82 were
arranged in a randomized block design with four replicates (Figure A2.1, Supplemental Dataset
2.2). Watering and fertilization proceeded as with the parent lines.
After anthesis in early February, we collected leaf samples in late February according to identical
criteria as described above for the parent lines, collecting leaves that were 6-8” in length. Our
growing efforts were successful for all but four ILs (ILs 2.2, 5.3, 7.1, and 8.2).
During the growth period for the ILs, we monitored ambient conditions of the greenhouse that
were not under direct control: relative humidity, temperature, pCO2, and δ13CCO2. Daytime
temperature and relative humidity were monitored with custom systems integrated with the
greenhouse (Argus Control Systems, Ltd.). Temperatures were maintained at approximately
78°F (25.6°C). We installed a Picarro Cavity Ring-Down Spectrometer G2131-i Analyzer in the
greenhouse to monitor pCO2 and δ13CCO2; these data were aggregated from 5-minute interval
measurements (Figure A2.2, Supplemental Dataset 2.3).
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2.3.2 Leaf harvest and lipid extraction
Each sample for lipid extraction consisted of five leaflets (terminal, distal lateral left and right,
proximal lateral left and right) from a single leaf of each plant. We measured leaf area from all
sample leaflets with a flatbed scanner and ImageJ software (Abràmoff et al., 2004). The
collected leaf samples were cut into 1 cm2 pieces, placed into pre-baked 15 mL clear borosilicate
vials (Qorpak), and then dried in a 70°C oven for 48 hours. We extracted epicuticular waxes
from the dried leaf samples by adding 5 mL of hexane (Omni-Solv HR-GC Hexanes 98.5%,
VWR International, LLC) and agitating via pumping with a Pasteur pipette. The resulting total
lipid extract (TLE) was collected into a pre-baked 15 mL borosilicate vial; the extraction step
was repeated three times, and the three extractions were pooled. We evaporated the TLE to
dryness with heat (30°C) under a steady stream of nitrogen gas (FlexiVap Work Station, GlasCol).
To isolate alkanes for analysis, we performed silica gel column chromatography on the dried
TLE of each sample. We transferred the TLE with 50 µL of hexane to a silica gel column (5 cm
x 4 mm Pasteur pipette packed at the base with a small amount of pre-baked glass wool, which
was covered by a thin layer of pre-baked chromatography grade sand and then filled 3-4 cm high
with H2O-deactivated silica gel). We collected the alkane fraction by eluting with hexane. The
polar compounds retained on the silica gel column were eluted with ethyl acetate and archived.
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2.3.3 Leaf wax structural analysis
We analyzed the alkane fractions using an Agilent 7890A gas chomatograph (GC) coupled with
a 5975C Series Mass Spectrometric Detector system at Washington University in St. Louis. The
GC was equipped with an Agilent J&W HP-5ms column (30 m long, 0.25 mm inner diameter,
0.25 µm film thickness). The GC oven had an initial temperature of 60°C and was heated at a
rate of 6°C/min to a final temperature of 320°C, which was held for 20 minutes. One sample run
lasted approximately 65 minutes. Alkanes were identified by their mass spectra and quantified
against an internal standard (n-hexadecane-d34, 98 atom%, Sigma-Aldrich).

2.3.4 Carbon isotope analysis
Compound-specific isotope analyses were performed at Washington University in St. Louis
using a GC coupled via a combustion reactor to a Thermo Delta V Plus isotope ratio mass
spectrometer. Isotopic compositions were determined relative to an internal n-alkane standard (nC18 [-31.1‰]) and are reported as
𝛿 !" C =

!!"#$
!!"#$

− 1 ∗ 1000,

(2)

where Rsamp and Rstnd represent the 13C/12C abundance ratio of the sample and standard,
respectively. Delta values are reported in per mil notation (‰) and are expressed relative to
Vienna Pee Dee Belemnite (VPDB). All samples were analyzed in triplicate. Externally
calibrated sets of standards with n-alkanes (mixture B3 or A5) and fatty acids (mixture F8),
provided by A. Schimmelmann (Indiana University), were measured between every fifth sample
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injection. Analytical uncertainty of reported δ13C values ranges between ± 0.2‰ and 0.3‰
(SEM), dependent on the number of analytical replicates, after propagating the uncertainty of
replicate analyses and external molecular standards (Polissar and D’Andrea, 2014; data available
on GitHub repository at http://github.com/aldbender/13C-heritability).
Ambient greenhouse CO2 was monitored during growth of the Solanum ILs from December 19,
2013 – February 24, 2014, except for the period from January 1-14 when a technical error
prevented data collection. For the ILs and cv M82 plants grown simultaneously in the
greenhouse, we report the apparent fractionation (ε) to characterize the difference in δ13C
between source (i.e., atmospheric CO2) and product (i.e., lipid), which is defined as
𝜀!"#"$!!"# = 1000 ∗

! !" !!"#"$ !!"""
! !" !!"# !!"""

−1 ,

(3)

where δ13C values are calculated as described in Equation 2. As with delta values, epsilon values
are reported in per mil notation. Carbon isotope values of lipids from S. pennellii and cv M82
grown during November 2013 are not reported as ε values because the carbon isotopic value of
ambient greenhouse CO2 was not recorded during their growth period.

2.3.5 Statistical modeling and QTL analysis
Data from all traits measured from the ILs are reported in Supplemental Dataset 2.3. The R code
and data sets used for modeling are available on GitHub at http://github.com/aldbender/13Cheritability. Leaf wax traits measured from the ILs and cv M82 grown simultaneously were
modeled using mixed-effect linear models with the lme4 packages (http://CRAN.R32

project.org/package=lme4) in R (R Development Core Team, 2015). Before modeling, we
compared the measured values against theoretical normally distributed values in a Q-Q plot to
check whether the measured values came from a normally distributed population. If a trait
deviated from a normal distribution, we transformed the trait by either taking the square root,
log, reciprocal, or arcsine of the trait and tested for normality of each transformed population via
the Shapiro-Wilk test, using the transformation that resulted in the least deviation from a normal
distribution (see Supplemental Dataset 2.4 for measured trait summaries and selected
transformation for each trait). After performing the mixed-effect linear modeling, the normal
distribution of residuals in the model was verified. We extracted p-values for significant (p <
0.05) differences between ILs and cv M82 from the models using the pvals.fnc function from the
language R package (http://CRAN.R-project.org/package=languageR); these p-values were used
to generate the QTL analysis. Broad sense heritability (H2) is defined as the proportion of total
phenotypic variance that can be attributed to genetic variation (Futuyma, 1998), as given in the
equation:
𝐻! =

!!
!! !!!

.

(4)

where VG is genetic variance and VE is environmental variance. We determined broad-sense
heritability values (H2) using the estimates of variance for genetic and environmental effects
(here, this includes the block assignment of each plant and the variance of residual effects) that
were derived from the mixed-effect linear modeling (see Supplemental Datasets 2.5 and 2.6). We
categorized H2 values as low (0.0 – 0.2), intermediate (0.2 – 0.4), or high (0.4 – 0.6); a trait with
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high heritability (closer to 1) generally indicates that genetic factors strongly influence the
amount of trait variation.

2.3.6 Hierarchical clustering of traits
Hierarchical clustering is used to build nested groupings of traits that are organized based on
similarities between sets of trait observations. We performed a correlation analysis of leaf wax
traits from this study with traits existing in the phenomics database (Phenom-Networks,
www.phenome-networks.com). For each trait in a data set, data were z-score normalized in order
to transform all data ranges to a standardized average and standard deviation. Z-scores were
averaged across replicates. We performed hierarchical clustering using the hclust function from
the stats package in R (R Development Core Team, 2015), clustering by the absolute value of the
Pearson correlation coefficient using Ward’s minimum variance method. We created a
correlation matrix (Spearman) between all traits measured in this study (modeled as described
above) and traits from other published studies, as described below. Significance values for
correlations were determined and the false discovery rate controlled via the Benjamini-Hochberg
method (Benjamini and Hochberg, 1995).
All traits analyzed for hierarchical clustering are divided into five major groups, as determined
by the studies from which they are reported and by the phenotype that they measure, following
the naming system described by Chitwood et al. (2013). “DEV” refer to leaf morphological and
developmental traits as reported by Chitwood et al. (2013). “MET” traits report metabolite levels
in the fruit pericarp, as measured by Schauer et al. (2006; 2008). Traits labeled “MOR” as
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recorded in Schauer et al. [2006; 2008] and Phenom-Networks include traits relevant to yield and
morphological measures of fruits and flowers. The “ENZ” traits measure enzymatic activities in
the fruit pericarp, as reported by Steinhauser et al. (2011), and “SEED” traits measure metabolite
levels in seeds, as derived from Toubiana et al. (2012). Traits described in the present study are
termed “WAX” because they relate to leaf waxes.

2.4 Results
2.4.1 Compound distributions and carbon isotope values of leaf wax alkanes
Odd-carbon-numbered n-alkanes in S. pennellii and cv M82 ranged from C27 to C35, with C31
being the most abundant, followed by C33 (Table 2.1; Figure 2.2). The prevalence of n-C31
among the leaves of cv M82 and S. pennellii in this study matches that reported from the fruit
cuticles of the same plants (Yeats et al., 2012).
Branched alkanes with methyl groups at the iso (second) and anteiso (third) positions are present
in measurable quantities among both S. pennellii and cv M82. For each carbon chain length, the
iso-alkane precedes the anteiso-alkane, which precedes the n-alkane. For example, for alkanes
with 31 carbon molecules, the elution order of alkanes would be i-C31, a-C31, and then n-C31. We
compiled concentrations of high-molecular-weight iso-, anteiso-, and n-alkanes in order to
quantify variations in alkane distributions. Standard deviations (1σ) for leaf wax traits from cv
M82 and S. pennellii are provided in the text below and in Table 2.1.
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We provide the reader with the range of each leaf wax trait value from all ILs in the text and in
Table 2.1. A comprehensive database of leaf wax trait values measured from the ILs is available
in Supplemental Dataset 2.4.
Alkane methylation
We characterized the prevalence of branched (iso- and anteiso-) alkanes for each sample by
calculating the methylation index (a novel measure of this study). Here, we define the
methylation index as the relative abundance of branched alkanes to the total sum of branched and
n-alkanes, expressed as
Methylation index =
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,

(5)

where Cn is the concentration of each iso-, anteiso-, or n-alkane with n carbon atoms. A
methylation index of 0 indicates that only n-alkanes are present, whereas a methylation index of
1 would indicate that there are only iso- and anteiso-alkanes present.
The average methylation indices across ten biological replicates are 0.15 ± 0.02 for cv M82 and
0.50 ± 0.04 for S. pennellii (Table 2.1), indicating that S. pennellii has a greater proportion of
branched: normal alkanes than cv M82. This difference is driven by the higher percentage of isoalkanes in S. pennellii (43.6% ± 2.6‰ in S. pennellii versus 8.8% ± 0.7‰ in cv M82; Table 2.1,
Figure 2.2A). The percent of anteiso-alkanes is indistinguishable between the two species.
Methylation indices for the ILs range from 0.07 to 0.28 (Table 2.1 and Figure A2.4), with an
average value of 0.14. The percentages of anteiso- and iso-alkanes range from 2.8% to 15.7%
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and from 3.3% to 13.1%, respectively. Although S. pennellii has a greater percentage of isoalkanes (43.6% ± 2.6%) than any IL, many ILs have a higher percentage of anteiso-alkanes than
both S. pennellii and cv M82.
Structural traits
There is a strong odd-over-even predominance among leaf wax n-alkanes of S. pennellii and cv
M82, which matches previous observations (Eglinton and Hamilton, 1967; Lockheart et al.,
1997). The odd-over-even prevalence of iso-alkanes and even-over-odd prevalence of anteisoalkanes is consistent with observations of branched alkanes from Micromeria plants (Reddy et al.
2000). Carbon preference indices (CPIs) were used to assess the odd-over-even dominance of
each sample, as calculated after Marzi et al. (1993):
CPI =

!""
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,

(6)

where Cn represents the concentration of each alkane with n carbon atoms. CPIs were calculated
independently for n-, iso-, and anteiso-alkanes.
The anteiso-alkanes were primarily even-numbered, whereas the iso-alkanes had a
predominantly odd-numbered distribution, which is similar to patterns previously reported
(Kolattukudy, 1969; Reddy et al., 2000). cv M82 and S. pennellii had average n-alkane CPIs of
10.4 ± 0.4 and 11.2 ± 1.3, respectively (Table 2.1). The anteiso-alkane CPIs were 0.0 ± 0.1 for cv
M82 and 0.0 ± 0.0 for S. pennellii. The iso-alkane CPIs were 10.2 ± 0.6 for cv M82 and 19.4 ±
2.5 for S. pennellii. Among the ILs, the n-alkane CPIs ranged from 9.6 to 17.4, the anteiso37

alkane CPIs ranged from 0.0 to 0.4, and the iso-alkane CPIs ranged from 5.8 to 21.2 (Figure
A2.5, Table 2.1).
To test genetic differences in average chain lengths (ACLs) among the parent lines and the ILs,
we calculated the weighted average of the carbon chain lengths after Freeman and Pancost
(2013), defined as:
ACL =

!! ∙!
!!

.

(7)

We calculated ACL for chain lengths C27 – C35, including both odd- and even-numbered alkanes
in the ACLs. ACLs were calculated separately for n-, iso-, and anteiso-alkanes.
cv M82 and S. pennellii had identical n-alkane ACLs (31.5 ± 0.0 and 31.5 ± 0.1, respectively).
The anteiso-alkane ACLs were 32.1 ± 0.0 for cv M82 and 32.2 ± 0.0 for S. pennellii. The isoalkane ACLs were identical for both cv M82 and S. pennellii (31.8 ± 0.1). Among the ILs, nalkane ACLs varied from 31.0 to 31.8, anteiso-alkane ACLs ranged from 31.9 to 32.3, and isoalkane ACLs varied from 31.1 and 32.3 (Figure A2.6, Table 2.1).
Carbon isotopes
The n-alkanes were depleted in 13C relative to the iso-alkanes for chain lengths C31 and C33 for
both cv M82 and S. pennellii (Figure 2.2B, Table 2.1), which is consistent with the pattern
observed by Grice et al. (2008). We report the magnitude of the 13C depletion between n- and
iso-alkanes of the same carbon numbers as δn – δiso:
𝛿! − 𝛿!"# = 𝛿 !" C!-!"#!$% − 𝛿 !" C!"#-!"#!$% .

(8)
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For C31 alkanes, δn – δiso was -1.4‰ ± 0.5‰ for cv M82 and -1.4‰ ± 0.3‰ for S. pennellii. For
C33 alkanes, δn – δiso was -1.2‰ ± 0.4‰ for cv M82 and -1.2‰ ± 0.5‰ for S. pennellii (Table
2.1). Alkanes from S. pennellii are consistently depleted in 13C relative to those of cv M82.
Isotopic mass balance calculations for the four major alkanes (i-C31, n-C31, i-C33, and n-C33),
which comprise 84% ± 0.2% of all alkane mass measured, indicate that the average δ13C values
for carbon incorporated in the leaf waxes is -36.9‰ ± 0.9‰ for cv M82 and -39.9‰ ± 1.0‰ for
S. pennellii.
During the IL growth period, the average daily CO2 δ13C values ranged from -18.0‰ to -14.7‰
(Figure A2.2, Supplementary Dataset 2.3). We calculated the mean δ13CCO2 during this period as
-16.4‰; this value was used to calculate apparent fractionation, ε, according to Equation 3.
From the plants of cv M82 grown simultaneously with the ILs, the ε values of iso-alkanes (16.4‰ ± 1.9‰ for i-C31, -16.2‰ ± 1.9‰ for i-C33) were enriched over the ε values of n-alkanes
(-18.1‰ ± 2.2‰ for n-C31 and -17.6‰ ± 2.1‰ for n-C33, Table 2.1). ε values from the ILs
ranged from -21.6‰ to -12.9‰ (i-C31), -23.9‰ to -14.3‰ (n-C31), -21.3‰ to -13.2‰ (i-C33),
and -23.7‰ to -13.8‰ (n-C33), maintaining the same pattern of iso- over n-alkane 13C
enrichment. Among the ILs, the magnitude of this difference (δn – δiso) varies from -0.3‰ to 4.0‰ for C31 alkanes and from -0.2‰ to -3.3‰ for C33 alkanes.

2.4.2 Heritability
We modeled the suite of IL leaf wax trait values to estimate the influence of genetic factors over
these traits in the population of the IL plants and cv M82. Broad-sense heritability values (H2;
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Table 2.1 and Figure 2.3) for the leaf wax traits ranged from low (H2 = 0.13) to intermediate
(0.39). The percentage of anteiso- (H2 = 0.39) and iso-alkanes (0.37) were of intermediate
heritability, as were the δn – δiso values for C31 (0.39) and C33 (0.32). The methylation index was
also of intermediate heritability (H2 = 0.35). Traditional structural traits were also of intermediate
heritability: CPI for n-alkanes (H2 = 0.31), anteiso-alkanes (0.27), and iso-alkanes (0.22), as well
as ACL for n-alkanes (0.31), anteiso-alkanes (0.28), and iso-alkanes (0.26). The ε values of
individual alkane molecules were of low heritability (H2 = 0.19 for i-C31, 0.18 for n-C31, 0.18 for
n-C33, and 0.13 for i-C33).

2.4.3 Detected QTL
In order to detect QTL for each leaf wax trait, we determined which ILs had a trait value that was
significantly different from the trait value of cv M82. We identified 156 QTL in which a
distinction at a significance level of p < 0.05 was detected (Figure 2.4, Table A2.1). Of these, 33
QTL were transgressive in the direction of S. pennellii (i.e., the trait value was outside of the
range between cv M82 and S. pennellii in the direction of S. pennellii) and 30 were transgressive
beyond cv M82. Some ILs have trait values outside of the range of the parents (i.e., are
transgressive) due to epistasis, or non-linear interactions between genetic loci, which can lead to
non-additive effects among the traits of the ILs. Epistasis manifests because of novel
combinations of genes within the ILs. The remainder of the QTL had trait values that were
intermediate between the bounds of the trait defined by the two parent strains. One trait, δn – δiso
for C33, had no significant QTL.
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QTL regulating alkane methylation
QTL analysis may help to explain the genetic basis of variation in alkane methylation between S.
pennellii and cv M82. S. pennellii had a greater methylation index (0.50) than any IL (varied
from 0.07 to 0.28; Table 2.1). Of the eleven QTL of methylation index, none were transgressive
beyond S. pennellii or cv M82 (Figure 2.4, Table A2.1, Figure A2.4). Of the 9 QTL for percent
of iso-alkanes (Figure 2.4, Table A2.1), one QTL was transgressive beyond cv M82 (IL 8-1). For
the percent of anteiso-alkanes, there were 10 QTL transgressive beyond S. pennellii and 1 QTL
transgressive in the direction of S. lycopersicum (IL 7-5-5).
Some QTL were identified for multiple alkane methylation traits. IL 3-2 displayed the most
significant increase in branched alkane production across three biological replicates, with an
average methylation index of 0.26, 10.2% iso-alkanes, and 11.3% anteiso-alkanes. IL 1-1-2 had
an average methylation index of 0.18, 8.9% iso-alkanes, and 9.3% anteiso-alkanes. From IL 1-13, we measured a methylation index of 0.20 and 10.5% iso-alkanes. IL 9-3-2 had a methylation
index of 0.18 and 10.9% anteiso-alkanes. IL 7-4 had a methylation index of 0.18 and 9.7%
anteiso-alkanes. ILs 4-3, 6-4, and 10-3 had identical methylation indices of 0.17, and 11.8%,
9.0%, and 9.5% anteiso-alkanes, respectively.
QTL regulating CPI and ACL
Thirty-three QTL were identified for CPIs: 7 for n-alkane CPIs, 19 for iso-alkane CPIs, and 7 for
anteiso-alkane CPIs (Figure 2.4, Table A2.1). For n-alkanes, the 7 QTLs were

41

transgressive beyond cv M82. For the iso-alkane and anteiso-alkanes CPIs, no QTL were
transgressive beyond S. pennellii or cv M82.
Thirty-nine QTL were identified for the three types of ACL: 7 for n-alkane ACLs, 15 for isoalkane ACLs, and 17 for anteiso-alkane ACLs (Figure 2.4, Table A2.1). Among n-alkane ACLs,
1 QTL was transgressive beyond S. pennellii and four QTL were transgressive beyond cv M82.
Fourteen of the QTL for iso-alkane ACLs were transgressive in the direction of S. pennellii. For
the anteiso-alkane ACLs, 9 QTL were transgressive beyond cv M82.
QTL regulating carbon isotopic fractionation
We identified 54 QTL for the carbon isotope traits measured in this study: 16 for ε i-C31 values,
11 for ε i-C33, 10 for ε n-C31, 11 for ε n-C33, 6 for δn – δiso (C31), and 0 for δn – δiso (C33) (Figure
2.4, Table A2.1). For all of the measured ε values, 1 common QTL was transgressive beyond S.
pennellii: IL 2-1. For ε n-C31, 2 additional QTL were transgressive beyond S. pennellii. Multiple
QTL overlapped across all ε values: IL 1-1, 2-1, 3-5, 8-3-1, 9-3, 9-3-1, and 12-4-1. For the 6
QTL of δn – δiso (C31), 2 were transgressive toward S. pennellii and 4 were transgressive toward
S. lycopersicum.

2.4.4 Hierarchical clustering
Clustering and correlations among leaf wax traits
The clustering of leaf wax traits reveals similarities between the sets of trait measurements
(Figure 2.5; Supplemental Dataset 2.7). Hierarchical clustering of wax traits grouped the
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apparent fractionation values (ε) together. All of the ACL traits (n-, iso, and anteiso-alkanes)
clustered together. CPIs for iso-alkanes clustered with the percent of iso-alkanes, which coclustered with the CPI of n-alkanes. The carbon isotopic differences between n- and iso-alkanes
(δn – δiso) clustered with each other. The methylation index and percent of anteiso-alkanes
clustered together, and co-clustered with the CPI of anteiso-alkanes.
Numerous structural leaf wax traits were significantly correlated with each other based on
multiple test-adjusted p-values and Spearman’s ρ correlation coefficient. Among the CPIs, CPI
of anteiso-alkanes correlated negatively with the CPI of iso-alkanes (p = 0.047, ρ = -0.28). The
CPIs of iso-alkanes correlated positively with the percent of iso-alkanes (p = 0.002, ρ = 0.41).
The CPIs of n-alkanes were negatively correlated with each of the methylation traits
(methylation index, percent of iso- and anteiso-alkanes). The ACL of n-alkanes was positively
correlated with iso- (p < 0.001, ρ = 0.82) and anteiso-alkanes (p < 0.001, ρ = 0.50). The ACL of
iso- and anteiso-alkanes were negatively correlated with the percent of anteiso-alkanes. All ACL
values were negatively correlated with the percent of anteiso-alkanes: with ACL values of n- (p
= 0.025, ρ = -0.31), iso- (p = 0.003, ρ = -0.39), and anteiso-alkanes (p = 0.027, ρ = -0.30).
The methylation index was positively correlated with the percent of iso- and anteiso-alkanes and
with the values of δn – δiso for both C31 and C33, but negatively correlated with ACL of isoalkanes. The percent of anteiso-alkanes correlated positively with δn – δiso values of C31 and
negatively with δn – δiso values of C33. The ε values of all alkanes correlated positively with the
CPI of iso-alkanes, and the ε values of all alkanes except n-C33 correlated positively with the
percent of iso-alkanes. Most of the carbon isotopic traits significantly correlated with each other,
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except for δn – δiso (C33) with ε i-C31 and ε i-C33. The ε values were positively correlated with
each other; the ε values of n-C31 and n-C33 were positively correlated with the δn – δiso values of
C31, but negatively correlated with the δn – δiso values of C33 (see Supplemental Dataset 2.7 for p
and ρ values).
Clustering and correlations of leaf wax traits with traits from previous studies
The traits measured in previous studies that clustered with WAX traits (Figure 2.6; Figure A2.3)
may contain information about the relevance of leaf wax traits to plant metabolism, yield, and
developmental leaf traits. The CPIs for n-alkanes clustered with the enzymatic activity of
succinyl-coenzyme A ligase in the fruit pericarp, and co-clustered with levels of uracil in the
fruit pericarp and with activity levels of starch in the fruit pericarp (Schauer et al., 2006, 2008;
Steinhauser et al., 2011). The percentage and CPI values of iso-alkanes co-clustered with
enzymatic activity of invertase and glucokinase in the fruit pericarp (Steinhauser et al., 2011).
Multiple leaf wax traits from this study correlated significantly with traits measured in previous
S. pennellii IL studies based on multiple test-adjusted p-values and Spearman’s ρ correlation
coefficient (Figure 2.6; Supplemental Dataset 2.8); a few correlations are highlighted below.
ACLs for anteiso-alkanes positively correlated with aconitase (p = 0.040, ρ = 0.34) enzymatic
activity within the fruit pericarp (Steinhauser et al., 2011), which might be related to the
synthesis of anteiso-alkanes (Grice et al., 2008). ACLs for n- and iso-alkanes positively
correlated with enzymatic activities of glyceraldehyde 3-phosphate dehydrogenase (GADPH; for
n-alkane ACL, p = 0.013, ρ = 0.39; for iso-alkane ACL, p = 0.039, ρ = 0.34; Steinhauser et al.,
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2011) within the fruit pericarp, which serves as a catalyst during glycolysis. iso-Alkane ACLs
positively correlated with metabolite levels of glutamate within seeds (p = 0.033, ρ = 0.36;
Toubiana et al., 2012), an amino acid used to synthesize proteins.

2.5 Discussion
Results from QTL analysis may help to explain the genetic basis of variation in leaf wax traits
between S. pennellii and cv M82. As evidenced by the multiple QTL identified for nearly all leaf
wax traits in this study (except for δn – δiso of C33; Figure 2.4, Table A2.1), large portions of the
genome contribute to natural variation in many leaf wax traits, suggesting that these traits are
polygenic. This pattern is similar to that observed in leaflet serration (Chitwood et al., 2013), for
example. Each of the loci affecting these traits contains a large number of genes; identifying
these loci is a first step in identifying candidate genes that are involved in modulating these plant
wax traits. The QTL mapping also provides a blueprint for identifying genetic mechanisms tied
to variability in these plant wax traits, and the genetic basis of trait evolution (Conner and Hartl,
2004).

2.5.1 Alkane methylation
S. pennellii had a far greater methylation index and percentage of iso-alkanes than any IL (Table
2.1). All methylation traits were of intermediate heritability (Figure 2.3), indicating that these
traits are moderately influenced by genetic controls. ILs 1-1-2, 1-1-3, 1-4, and 3-2 contributed
the largest effects to the alkane methylation phenotypes, with QTL for both methylation indices
and percentages of iso-alkanes (Figure 2.4; Table A2.1). The variation among the QTL for
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methylation traits may be attributed to the variation induced by the genetic loci of the ILs. The
correlations in the QTL observed for methylation and for other leaf wax traits (Figure 2.5;
Supplemental Dataset 2.7) may be informative in generating hypotheses about the physiological
function of methylated alkanes. For example, the negative correlations between all methylation
traits (i.e., methylation index and percentages of iso- and anteiso-alkanes) with CPI of n-alkanes
might indicate a physiological connection between a lower odd-over-even predominance of nalkanes (i.e., greater concentration of even-numbered n-alkanes) and a higher concentration of
methylated alkanes.

2.5.2 Structural traits
Numerous studies have revealed correlations between n-alkane chain lengths and climatic
variables such as temperature and humidity, as well as to the plant sources of the n-alkanes (e.g.,
Bush and McInerney, 2013 and references therein). Given this correlation, one might expect
ACLs to be different in plants that are adapted to different hydrological regimes (e.g., S.
pennellii and cv M82) and for ACLs to be of low heritability. Instead, we observed nearly
identical ACLs between S. pennellii and cv M82 (Table 2.1) and ACLs that are of intermediate
heritability (Figure 2.3), suggesting a high degree of genetic control over their alkane chainlength distributions. Alkane distributions are potentially very conserved traits among these
Solanum species. If this pattern generalizes to other groups, it suggests that variations in
sedimentary ACLs may be due to the changes in plant assemblages rather than phenotypic
plasticity of individual lineages.
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2.5.3 Carbon isotopes
The ε values for the four primary alkanes in this study had low broad-sense heritability values
(Figure 2.3). A previous study into the bulk carbon isotopic composition of Arabidopsis thaliana
grown in controlled growth chambers measured high heritability for bulk leaf δ13C values (H2 =
0.67; Easlon et al., 2014). The lower heritability found among δ13C of wax in this study may
reflect more variable environmental conditions in the greenhouse relative to a growth chamber,
more variable response to the greenhouse environment, or a biological difference between
Arabidopsis and Solanum. It may also reflect that waxes are a more environmentally sensitive
phenotype than bulk leaf δ13C. Broad-sense heritability is specific to the population and
environment, thus the difference between these two results is not unexpected.
We observed that alkanes derived from S. pennellii were more depleted in 13C than those from cv
M82 (Figure 2.2), with a consistent offset in δ13C values of about 3‰. The average daily δ13CCO2
values within the greenhouse varied by 1.7‰ during the end of the growth period of the parent
lines (December 19 – January 3; Figure A2.2, Supplemental Dataset 2.3). Our sampling
procedure collected young leaf material simultaneously from all plants, minimizing potential
differences imposed by timing of growth. The isotopic difference between the two parent strains
is likely to derive from biological variables that are not yet quantified. Possibilities for this
difference include timing of wax synthesis, differences in water use efficiency, or other
responses to light, water, or nutrients. Examination of differences among the ILs can be
informative. For example, water use efficiency relates to stomatal conductance (Easlon et al.,
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2014; Farquhar et al., 1989). However, we did not find any significant correlations between δ13C
in this study and previous estimates of stomatal density (Chitwood et al., 2013).
Every plant in this study produced iso-alkanes that were enriched in 13C relative to n-alkanes,
expressed here as δn – δiso. The enrichment of iso- over n-alkanes was treated as a quantitative
trait, and was of intermediate heritability (H2 = 0.38 for C31 alkanes and H2 = 0.32 for C33
alkanes; Figure 2.3). The variability of isotopic enrichment of iso-alkanes was more heritable
than the apparent fractionation. The stronger genetic control on the difference between alkanes
suggests a mechanism that relates to biosynthesis. Reddy et al. (2000) noted no apparent
differences in δ13C values between normal and branched alkanes in their study of four species of
Micromeria. However, the enrichment pattern observed in this study is consistent with that
reported by Grice et al. (2008), who recorded that iso-alkanes were enriched by 0-1.8‰ over nalkanes in Nicotiana tabacum (tobacco) plants. This enrichment pattern is attributed to different
biosynthetic precursors for iso- versus n-alkanes (i.e., valine for iso- and pyruvate for n-alkanes;
Grice et al., 2008; Kolattukudy, 1969). Levels of valine and pyruvate have previously been
measured from both the fruits (Schauer et al., 2006; 2008) and seeds (Toubiana et al., 2012) of
the S. pennellii ILs; however, these traits do not significantly correlate with any WAX traits in
this study.

2.5.4 Implications for interpreting sedimentary plant waxes
Carbon isotope values (δ13C) of plant materials from sediments have many applications:
identifying ecosystems dominated by C3 versus C4 plants, distinguishing inputs from conifers
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and angiosperms, reflecting water availability, and reconstructing changes in the ancient carbon
cycle. Within populations, δ13C is positively correlated with water use efficiency of plants (e.g.,
Easlon et al., 2014; Ehleringer and Cooper, 1988; Farquhar et al., 1989; Seibt et al., 2008), which
can plastically respond to changing local rainfall and humidity. An implicit assumption for using
δ13C values to interpret changes in water use efficiency is that the δ13C alkane signal is
dominated by environmental rather than genetic information. By examining this assumption, we
have quantified the degree to which the δ13C values of leaf waxes measured from plants in this
study are influenced by environmental variance (H2 ranges from 0.13 to 0.19). Our study reveals
that genetic variance plays a limited role in driving variation of leaf wax carbon isotopic values
among Solanum plants, and is consistent with the interpretation that variation in the δ13C of wax
compounds, as recorded in sediments, is largely driven by paleoenvironmental changes. These
findings do not bear on ecosystem changes that substitute one strong genetic control for another
– such as changes in the input of C3 versus C4 plants, or of conifers and angiosperms. Instead,
this study places constraints on the extent to which the variance in δ13C in a group of plants is
under genetic control. The QTL and statistical approaches we have used were developed by plant
scientists to try to understand genetic signals in the presence of environmental noise.
Geochemists implicitly take the opposite approach, attempting to extract environmental signals
from the variance of continuously varying traits under both genetic and environmental control. In
this environment and with this set of plants, genetics contributed up to 20% of the total variance
observed from δ13C among leaf waxes. It remains to be determined whether other plants in other
environments show similar amounts of variance, but this study represents the first attempt to
constrain these sources of variance.
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Variation in alkane methylation traits in this study was largely influenced by genetic variation.
The presence of branched alkanes in the sedimentary record might lend itself to chemotaxonomic
applications, but it is unlikely that any of the branched alkane-producing plants are significant
global contributors to terrestrial soil organic matter. However, regional chemotaxonomic
applications of branched alkanes have proved useful. For example, Pautler et al. (2014) identified
that an Arctic chickweed substantially contributed to sedimentary organic matter based on the
presence of branched alkanes. Fukushima et al. (2005) used the presence of anteiso compounds
to suggest a local proxy for lake acidification. Branched alkanes and the methylation index can
be more useful for chemotaxonomic applications on a regional level. The fact that variation in
these traits may be under strong genetic control may provide an opportunity for the
deconvolution of genetic and environmental influences in the sedimentary record, in cases where
branched alkanes are present.
Given the correlations between n-alkane chain lengths and climatic variables such as temperature
and humidity, one might expect ACLs to be primarily influenced by environmental cues. Rather,
we measured ACLs that were of intermediate heritability (0.30), suggesting a strong degree of
genetic influence over alkane chain-length distributions. Within the Solanum plants of this study,
we observed nearly constant ACLs. Strong genetic control implies that correlations of ACL in
sedimentary alkanes with environmental variables may be a consequence of changing
populations, rather than phenotypic changes within populations in response to environmental
change.
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The n-alkane hydrogen isotope proxy (δ2H) is assumed to record environmental information with
minimal complications introduced from genetic variability. Thus, the environmental controls are
assumed to be dominant over phenotypic variability. A future report will present results that
examine this assumption under controlled conditions using this set of model organisms, and thus
quantify the relative proportions of genetic and environmental influences over leaf wax δ2H
values.

2.6 Acknowledgements
From assisting with plant collections to helping with isotopic analyses, laboratory manager
Melanie Suess (Washington University in St. Louis) was instrumental to this project. We thank
undergraduate researchers Jenny Zhang and Claire Ma (Washington University in St. Louis) for
their contributions. We thank postdoctoral researchers Margaret Frank and Viktoriya Koneva
(Donald Danforth Plant Science Center) and research scientist Jen Houghton (Washington
University in St. Louis) for their assistance during leaf collection. We also thank David Fike and
Dwight McCay (Washington University in St. Louis) for loaning and assisting with setup of the
Picarro instrumentation. We thank Kevin Reilly (Donald Danforth Plant Science Center) for
caring for the plants in the greenhouse, and Dani Zamir (Hebrew University, Rehovot, Israel),
the Tomato Genetics Resource Center, and the lab of Neelima Sinha (University of California,
Davis) for gifts of germplasm. We thank Francien Peterse and two reviewers for the comments
that improved the manuscript.

51

Funding: Acknowledgment is made to the Donors of the American Chemical Society Petroleum
Research Fund for partial support of this research through PRF grant #53417-DNI2. Partial
funding for this work was provided by I-CARES, Washington University in Saint Louis. We also
acknowledge the support of Washington University in St. Louis and the Donald Danforth Plant
Science Center.

52

Table 2.1 Leaf wax traits for S. lycopersicum, S. pennellii, and ILs. Average leaf wax trait
values and standard deviations (based on values from 10 replicate plants) shown for the two
parent lines grown simultaneously and for cv M82 grown with the ILs, and average trait values
and ranges shown for IL plants (all data for the IL plant replicates are available in Supplemental
Dataset 2.4). Broad sense heritability values (H2) shown as calculated from ILs and cv M82
grown simultaneously with ILs. The first column of data for S. lycopersicum and S. pennellii are
from the first growth experiment; the extra column of data for S. lycopersicum cv M82 and ILs
are from the second growth experiment. * Indicates δ13C values reported for cv M82 and S.
pennellii.
Traits

cv M82

S. pennellii

cv M82 (with ILs)

ILs

H2

Mean

Stdev

Mean

Stdev

Mean

Stdev

Mean

Range

Methylation index

0.15

0.02

0.50

0.04

0.13

0.01

0.14

0.07 to 0.28

0.35

Percent anteiso-alkanes

6.1

1.5

6.8

1.1

6.3

0.5

7.5

2.8 to 15.7

0.39

Percent iso-alkanes

8.8

0.7

43.6

2.6

6.5

0.7

7.0

3.3 to 13.1

0.37

CPI [n-alkane]

10.4

0.4

11.2

1.3

11.8

0.8

12.5

9.6 to 17.4

0.31

CPI [anteiso-alkane]

0.0

0.1

0.0

0.0

0.2

0.1

0.2

0.0 to 0.4

0.27

CPI [iso-alkane]

10.2

0.6

19.4

2.5

9.6

1.7

12.3

5.8 to 21.2

0.22

ACL [n-alkane]

31.5

0.0

31.5

0.1

31.3

0.1

31.3

31.0 to 31.8

0.30

ACL [anteiso-alkane]

32.1

0.0

32.2

0.0

32.1

0.1

32.1

31.9 to 32.3

0.28

ACL [iso-alkane]

31.8

0.1

31.8

0.1

31.9

0.1

31.8

31.1 to 32.3

0.26

δ13C (*) or ε i-C31 (‰)

-35.7*

0.8

-39.0*

0.9

-16.4

1.9

-17.9

-21.6 to -12.9

0.18

δ13C (*) or ε n-C31 (‰)

-37.0*

0.9

-40.4*

0.9

-18.1

2.2

-19.6

-23.9 to -14.3

0.18

δ13C (*) or ε i-C33 (‰)

-35.8*

0.7

-39.5*

1.0

-16.2

1.9

-17.6

-21.3 to -13.2

0.13

δ13C (*) or ε n-C33 (‰)

-36.8*

1.0

-40.7*

1.1

-17.6

2.1

-19.1

-23.7 to -13.8

0.18

δn – δiso (C31) (‰)

-1.4

0.5

-1.4

0.3

-1.6

0.3

-1.7

-0.3 to -4.0

0.39

δn – δiso (C33) (‰)

-1.2

0.4

-1.2

0.5

-1.4

0.3

-1.4

-0.2 to -3.3

0.32
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Figure 2.1 Density plot of n-C29 and n-C31 alkane δ13C values from C3 and C4 plants. n-C29
(solid lines) and n-C31 (dashed lines) alkanes from C3 plants (red) show a 1σ variation of 3.3‰
and 3.0‰, respectively, while the same alkanes have 1σ variations of 2.3‰ and 2.3‰ in C4
plants (green). Data shown are from 10 published studies (see Supplemental Dataset 2.1). Lines
represent the kernel density estimates generated using Gaussian kernels with bandwidths chosen
by Silverman’s “rule of thumb” (Silverman, 1986).
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Figure 2.2 Leaf waxes from S. lycopersicum cv M82 and S. pennellii. (A) Average
concentration of leaf wax molecules across ten biological replicates normalized to leaf mass,
with unbranched (i.e., normal, left) and branched (i.e., iso- and anteiso-, right) alkanes. S.
pennellii (blue) contains greater amounts of iso-alkanes than S. lycopersicum cv M82 (orange).
Error bars indicate one standard deviation of the mean. (B) Carbon isotope values (δ13C) of nand iso-alkanes from the most abundant chain lengths (C31 and C33) of S. pennellii (blue) and cv
M82 (orange). The pattern of iso- over n-alkane enrichment is consistent between both species.
Additionally, δ13C values from S. pennellii (blue) are consistently depleted relative to those from
S. lycopersicum cv M82 (orange). Data are from ten biological replicates analyzed in triplicate;
analytical uncertainty ± 0.2‰. Error bars represent standard deviation of biological replicates.
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Figure 2.3 Broad-sense heritability for leaf wax traits. Colors denote traits with intermediate
(yellow, 0.2 ≤ H2 < 0.4), and low (green, H2 < 0.2) heritability values. All traits were measured
from plants grown under greenhouse conditions in early 2014, St. Louis, Missouri. The majority
of leaf wax traits have intermediate heritability values. The apparent fractionations of individual
alkanes (ε values) have low heritability values.
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Figure 2.4 Detected leaf wax QTL. Shown are QTL with p-value < 0.05, as calculated from
mixed-effect linear models for deviation of ILs from cv M82. In total, 139 QTL were detected.
Traits are grouped by type: from left to right, structural, carbon isotope, and methylation traits.
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Figure 2.5 Hierarchical clustering and correlation of leaf wax traits. Hierarchical clustering
and heat map of leaf wax traits measured in this study with each other. The upper quadrant
shows correlation p-values; gray indicates non-significant p-values (p > 0.05), whereas the
spectrum of orange to purple colors designate p-values ranging from less to more significant,
respectively. The lower quadrant indicates Spearman’s ρ values in red (negative), white
(neutral), and green (positive). The p-values and ρ values used to generate this figure are
available in Supplemental Dataset 2.7.
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Figure 2.6 Hierarchical clustering and correlation of leaf wax traits with previously
measured IL traits. Hierarchical clustering of leaf wax traits from this study with traits
measured in previous studies (see close-up of the hierarchical clustering in Supplemental Figure
2.3). WAX (green) are leaf wax traits from this study; DEV (black), leaf developmental traits
from Chitwood et al. (2013); MOR (pink), entire-plant, yield, and reproductive morphological
traits from Schauer et al. (2006, 2008); MET (blue), metabolic traits from the two previous
studies; ENZ (yellow), enzymatic activities from Steinhauser et al. (2011); SEED (orange), seed
metabolites as measured by Toubiana et al. (2012). Hierarchical clustering is based on absolute
correlation values. The upper quadrant shows significant correlations (p < 0.05) between traits
after multiple test adjustment, shown in black. The lower quadrant indicates Spearman’s ρ values
in red (negative), white (neutral), and green (positive). The p-values and ρ values used to
generate this figure are available in Supplemental Dataset 2.8.
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2.8 Appendix
2.8.1 Supplemental datasets
The Supplementary Material for this chapter can be found online at:
http://journal.frontiersin.org/article/10.3389/feart.2017.00047/full#supplementary-material.
Supplemental Code. R code files and data sets used for modeling are available at:
http://github.com/aldbender/13C-heritability.
Supplemental Dataset 2.1 Alkane n-C29 and n-C31 δ13C values in Figure 2.1 compiled from
literature sources among C3 and C4 plant groups from around the world (Bi et al., 2005;
Chikaraishi et al., 2004; Chikaraishi and Naraoka, 2003, 2006; Collister et al., 1994; Diefendorf
et al., 2011; Krull et al., 2006; Lockheart et al., 1997; Pedentchouk et al., 2008; Rieley et al.,
1991; Rommerskirchen et al., 2006; Vogts et al., 2009).
Supplemental Dataset 2.2 Seed stock list with each IL accession name converted to the inhouse lineage number, with DC numbers 1-76 corresponding to the ILs and DC 77
corresponding to cv M82.
Supplemental Dataset 2.3 Daily-averaged measurements of ambient CO2 in the greenhouse
during growth of the ILs, including pCO2 and δ13CCO2; data summarized in Supplemental Figure
2.2.
Supplemental Dataset 2.4 Leaf wax trait values measured from all ILs, used to perform linear
modeling.
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Supplemental Dataset 2.5 Summary values of leaf wax traits and transformations used to model
each trait.
Supplemental Dataset 2.6 Genetic (IL) and environmental (Plot, Residual) variances used to
calculate H2 values for each trait.
Supplemental Dataset 2.7 Pair-wise Pearson correlation coefficient (ρ) values and significance
values, including p-values and BH-adjusted p-values, of leaf wax traits correlated with each
other.
Supplemental Dataset 2.8 Pair-wise Pearson correlation coefficient (ρ) values and significance
values, including p-values and BH-adjusted p-values, of leaf wax traits from this study and traits
from previous studies correlated with each other.
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2.8.2 Supplemental tables
Table A2.1 QTL detected with p-value < 0.05 for leaf wax traits in ILs. QTL that are
transgressive beyond cv M82 and S. pennellii are designated with “M82” or “Sp,” respectively.
Trait

Methylation index

Percent anteisoalkanes

Percent iso-alkanes

QTL

Chromosome
number

IL_1.1.2
IL_1.1.3
IL_1.4
IL_3.1
IL_3.2
IL_4.3
IL_6.4
IL_7.4
IL_9.3.2

1
1
1
3
3
4
6
7
9

0.007
0.006
0.018
0.048
0.000
0.026
0.045
0.016
0.022

0.18
0.20
0.16
0.17
0.26
0.17
0.17
0.18
0.18

IL_10.3

10

0.031

IL_1.1.2
IL_2.6.5
IL_3.2
IL_4.3
IL_5.2
IL_6.2
IL_6.4
IL_7.4
IL_7.5.5
IL_9.3.2

1
2
3
4
5
6
6
7
7
9

0.046
0.028
0.000
0.002
0.040
0.028
0.048
0.020
0.042
0.004

0.17
9.3
9.4
11.3
11.8
8.4
9.0
9.4
9.7
4.0
10.9

IL_10.3

10

0.014

IL_1.1.2
IL_1.1.3
IL_1.3
IL_1.4
IL_1.4.18
IL_3.2
IL_5.5
IL_8.1

1
1
1
1
1
3
5
8

0.019
0.003
0.000
0.014
0.007
0.000
0.032
0.019

9.5
8.9
10.5
11.8
8.7
10.1
10.2
9.1
4.9

IL_9.1.3

9

0.025

9.0
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p-value

Average
trait value

Transgressive
(M82 or Sp)

Sp
Sp
Sp
Sp
Sp
Sp
Sp
Sp
M82
Sp
Sp

M82

n-alkane CPI

anteiso-alkane CPI

iso-alkane CPI

n-alkane ACL

IL_1.2
IL_1.3
IL_7.5.5
IL_8.1
IL_10.2
IL_10.2.2

1
1
7
8
10
10

0.005
0.006
0.046
0.040
0.000
0.003

14.4
14.5
13.5
13.6
16.2
14.6

M82
M82
M82
M82
M82
M82

IL_12.3

12

0.049

M82

IL_2.1.1
IL_2.6
IL_3.4
IL_4.2
IL_4.3.2
IL_8.1.3

2
2
3
4
4
8

0.011
0.028
0.028
0.039
0.007
0.014

13.5
0.1
0.1
0.1
0.1
0.1
0.1

IL_9.1.3

9

0.003

IL_1.1
IL_1.1.2
IL_1.3
IL_1.4.18
IL_2.1
IL_2.3
IL_2.6
IL_3.1
IL_3.2
IL_3.5
IL_4.1.1
IL_4.2
IL_6.2
IL_6.2.2
IL_7.4
IL_8.3
IL_9.1.3
IL_10.2

1
1
1
1
2
2
2
3
3
3
4
4
6
6
7
8
9
10

0.017
0.001
0.035
0.000
0.026
0.014
0.000
0.013
0.002
0.041
0.040
0.014
0.025
0.000
0.006
0.050
0.035
0.001

IL_10.2.2

10

0.003

IL_2.5
IL_4.1.1
IL_4.2

2
4
4

0.000
0.010
0.013
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0.1
15.5
17.6
15.5
16.8
14.9
14.9
18.8
15.1
13.9
15.1
16.6
15.0
15.6
18.2
13.3
14.4
13.6
16.3
17.4
31.6
31.1
31.2

Sp
M82
M82

anteiso-alkane ACL

iso-alkane ACL

IL_4.3.2
IL_6.1
IL_9.1.3

4
6
9

0.046
0.046
0.046

31.2
31.5
31.5

M82

IL_9.3.1

9

0.013

IL_1.1
IL_1.1.3
IL_1.2
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Figure A2.1 Randomized block design of IL plants and cv M82 grown in the greenhouse. Each
color corresponds to a different “block” of IL plants. Values in the square correspond to each
plant lineage, with “77” equating “DC77,” which is the cv M82 plant. DC numbers 1-76
correspond to the ILs, as coded in Supplemental Dataset 2.2.
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Figure A2.2 Environmental CO2 monitored during growth of the ILs. (A) Daily-averaged δ13C
and pCO2 values of ambient CO2 plotted against time of the experiment; (B) pCO2 of ambient
CO2 against corresponding δ13CCO2 values during the experiment. Note that instrument error
halted data collection from January 1-14; data available in Supplemental Dataset 2.3.
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Figure A2.3 Close-up of hierarchical clustering for meta-analysis of traits analyzed from this
and previous studies. Note that the clustering in this figure is flipped vertically when compared
to Figure 2.6.
75

Figure A2.4 Methylation indices for IL plants compared against methylation indices of S.
pennellii (blue) and cv M82 (red). Methylation indices are plotted based on chromosome location
of IL introgression. Purple asterisks indicate methylation indices for ILs that are significant
towards S. pennellii (p < 0.05); green asterisks indicate methylation indices that are transgressive
beyond vc M82 (p < 0.05).
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Figure A2.5 Box plot of carbon preference index values measured from ILs for n-, iso-, and
anteiso-alkanes.
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Figure A2.6 Box plot of average chain length values measured from ILs for n-, iso-, and anteisoalkanes.
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3 THE INFLUENCE OF GENETIC FACTORS ON
HYDROGEN ISOTOPIC VARIABILITY IN
LEAF WAXES: INSIGHTS FOR
PALEOENVIRONMENTAL
RECONSTRUCTION

To be submitted for publication with co-authors Daniel H. Chitwood and Alexander S. Bradley.
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3.1 Abstract
Leaf wax n-alkanes are commonly used to reconstruct paleoenvironmental information.
However, the utility of n-alkanes as a paleoenvironmental proxy is affected by the degree of
biological variability that affects structural and isotopic leaf wax traits of interest. Here, we
studied the relative influences of genetic versus environmental controls over leaf wax traits,
including hydrogen isotopic compositions of n-alkanes, by simultaneously growing replicates of
76 Solanum pennellii (tomato) introgression lines (ILs) in a field environment near Columbia,
Missouri. We found that δ2H values of leaf waxes differed by as much 47‰ among nearly
genetically identical ILs that were grown in the same environment. We quantified the degree of
genetic influence on leaf wax δ2H values and other leaf wax traits. Variation of leaf wax δ2H
values were of intermediate heritability (H2 = 0.24), suggesting that up to 24% of the variation in
δ2H of leaf waxes in this study can be attributed to genetic variance. This finding suggests that a
sizeable portion of the variance in δ2H values of sedimentary leaf waxes may reflect biological
variability. Interestingly, we observed that increased alkane methylation was correlated with 2Henrichement of n-alkanes among the ILs, and suggest that alkane methylation may affect leaf
transpiration by increasing cuticular permeability. We compared the results of the field-grown
plants in this study with greenhouse-grown plants of the same IL population (Bender et al.,
2017). We found that leaf wax trait values were higher among greenhouse-grown plants, and that
plant waxes recorded a higher relative proportion of environmental variance when grown in a
natural environment. This finding suggests that caution should be exercised when applying the
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results of growth studies in controlled environments (e.g., greenhouses and growth chambers) to
interpreting paleoenvironmental reconstructions.

3.2 Introduction
Leaf wax n-alkanes are long chain (C21 – C39) hydrocarbons within the cuticular wax layer of
terrestrial plants (Eglinton and Hamilton, 1967; Jetter et al., 2006; Samuels et al., 2008). Leaf
wax n-alkanes record environmental and biological information in both their structural traits and
isotopic compositions (Eglinton and Eglinton, 2008; Sachse et al., 2012). Because these lipids
are recalcitrant in sediments over geologic timescales, they are commonly employed as
biomarkers in paleoenvironmental reconstruction (Eglinton and Eglinton, 2008; Sachse et al.,
2012). Structural traits of leaf waxes, including chain-length distributions (i.e. average chain
length, ACL), have been suggested to relate to climatic variables such as temperature and
humidity, and may also reflect biological attributes of the plants that produced the alkanes (Bush
and McInerney, 2015, 2013; Collister et al., 1994; Diefendorf et al., 2011; Freeman and Pancost,
2014). The hydrogen isotopic compositions (δ2H) of leaf wax n-alkanes integrate δ2H of regional
precipitation, which contains information about the hydrologic cycle as well as environmental
and physiological parameters (Gat, 1996; Hou et al., 2008; Sachse et al., 2012).
The application of n-alkanes in reconstructing environmental signals is affected by uncertainty
about the varying sources of structural and isotopic variability. An implicit assumption made
when assessing environmental changes from sedimentary leaf waxes is that leaf wax traits
primarily reflect environmental rather than genetic information. Previous studies have
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demonstrated that leaf wax δ2H values are strongly influenced by environmental parameters. For
example, plants grown under low humidity conditions exhibit increased leaf water evaporative
2

H-enrichment, resulting in 2H-enriched leaf waxes compared to counterparts grown under high

humidity conditions (Kahmen et al., 2013; Tipple et al., 2015). Conifers grown under continuous
light yield enriched leaf wax δ2H values relative to their counterparts grown under diurnal light
conditions (Yang et al., 2009).
However, biological differences also affect leaf wax δ2H values. Previous studies have
quantified the inter-plant variability in leaf wax traits by surveying leaf wax materials from
multiple species grown under the same environmental conditions. For example, Diefendorf et al.
(2011) reported large ranges in ACLs within and among different plant functional groups (i.e.,
deciduous and evergreen angiosperms and gymnosperms). Feakins and Sessions (2010)
measured a 90‰ range in n-alkane δ2H values among 20 species of plants within a greenhouse
environment. Hou et al. (2007) observed that trees and ferns have distinctive δ2H values
compared to grasses, with a range of leaf wax δ2H as much as 70‰ across these plant types
within the same environment.
In this study, we aim to tease apart the relative effects of plant biology and environmental
conditions upon leaf wax traits. We use tools from quantitative genetics to quantify how much of
the observed variability in leaf wax traits (i.e., phenotypes) is due to environmental change, as
opposed to genetic variability. The contribution of genetic variation to observed variation in a
phenotypic trait, such as leaf wax δ2H, can be measured as the broad-sense heritability (H2;
Conner and Hartl, 2004; Futuyma, 1998). We directly assess H2 of leaf wax traits, including
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structural and hydrogen isotopic values, of plants grown in a field setting. Our study extends the
findings of a previous study that evaluated the heritability of leaf wax traits among the same set
of plants grown in a greenhouse environment (Bender et al., 2017).
We use a set of near-isogenic introgression lines (ILs; Eshed and Zamir, 1995) between two
interfertile Solanum (tomato) species: Solanum lycopersicum cultivar M82 (hereafter, cv M82)
and Solanum pennellii, a wild tomato plant relative endemic to the dry slopes of the Peruvian
Andes (Yeats et al., 2012). Each of the 76 ILs contains a small chromosomal segment of S.
pennellii introgressed into the genetic background of cv M82. The IL library consists of 76 ILs
with introgressed chromosomal segments that span the entire genome of S. pennellii. Here, we
use the S. pennellii ILs to quantify the effects of genetic versus environmental effects on variance
in leaf wax n-alkane δ2H values and structural traits, and to identify quantitative trait loci (QTL)
for leaf wax traits. We compare the results of our field-grown ILs against results from S.
pennellii ILs grown in a greenhouse environment (Bender et al., 2017).

3.3 Materials and methods
3.3.1 Plant materials, growth conditions, and experimental design
We obtained second-generation Solanum pennellii ILs (Eshed and Zamir, 1995) and cv M82
seeds from the Tomato Genetics Resource Center (Supplemental Dataset 3.1). All seeds were
prepared and germinated at the Donald Danforth Plant Science Center in St. Louis, MO as
described in Chitwood et al. (2013).
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We grew the 76 ILs in an outdoor setting at the Bradford Research Center in Columbia, Missouri
from May 21 – early August 2014. The ILs and cv M82 were arranged in a randomized block
design with fifteen biological replicates. We collected leaf samples from five blocks for leaf wax
analysis in early August. From each plant, we collected one leaf that was relatively young (i.e.,
close to the top of the plant) with fully unfurled leaflets. These criteria were selected to minimize
variability due to timing of leaf development.

3.3.2 Leaf harvest and lipid extraction
Each sample for lipid extraction consisted of five leaflets from a single leaf of each plant. We
measured leaf area from using a flatbed scanner and ImageJ software (Abràmoff et al., 2004).
The collected leaf samples were placed in coin envelopes and dried in a 70°C oven for 48 hours;
the leaf mass per area (LMA; g/m2) was calculated after Roderick and Cochrae (2002). We cut
the samples into 1-cm2 pieces and transferred them to a pre-baked 15-mL glass vial. Leaf wax
alkanes were extracted using the methods described in Bender et al. (2017). In brief, we
extracted epicuticular waxes with hexane via agitation with a Pasteur pipette. We isolated
alkanes for analysis with silica gel column chromatography, and collected the aliphatic fraction
by eluting with hexane. The polar compounds retained on the silica gel column were eluted with
ethyl acetate and archived.

3.3.3 Leaf wax structural and hydrogen isotopic analysis
We analyzed the alkane fractions using an Agilent 7890A gas chomatograph (GC) coupled with
a mass spectrometer at Washington University in St. Louis. The GC was equipped with a DB-5
86

column. The GC oven temperature ramp began at 60°C and was increased at a rate of 6°C/min to
a final temperature of 320°C, which was held for 20 minutes. Alkanes were identified by their
mass spectra and quantified against an internal standard of known quantity (n-hexadecane,
Sigma-Aldrich).
Compound-specific hydrogen isotopic analyses were performed at Washington University in St.
Louis using a Thermo GC coupled to a Thermo Delta V Plus isotope ratio mass spectrometer
interfaced with a high temperature conversion reactor. The analytical column, carrier flow, and
temperature ramp conditions were identical to those described above. Externally calibrated nalkanes (B4 or A6 mixture) and fatty acids (F8 mixture) provided by A. Schimmelmann (Indiana
University) were measured in between every fifth sample injection. Individual alkane isotope
ratios were corrected to an internal standard that had previously been calibrated to the VSMOW
scale [n-C18 (-53.8‰)]. Samples were analyzed in triplicate; the average of these analytical
replicates were averaged for each biological replicate. Analytical precision of reported δ2H
alkane values was ±5‰ (SEM, calculated after Polissar and D’Andrea, 2014). Isotopic
compositions are reported as
𝛿 = 𝑅!"#$ 𝑅!"#$ − 1 ∗ 1000,

(1)

where R represents the 2H/1H abundance ratio, and Rsamp and Rstnd indicate the sample and
standard, respectively. Delta values are reported in per mil notation and expressed relative to
Vienna Standard Mean Ocean Water (VSMOW).
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3.3.4 Statistical modeling and QTL analysis
Stastical modeling and QTL analysis were conducted after Bender et al. (2017) and Chitwood et
al. (2013). All leaf wax trait values are available in Supplemental Dataset 3.2. The leaf wax traits
measured from cv M82 and the ILs were modeled using mixed-effect linear models with the
lme4 package (http://CRAN.R-project.org/package=lme4) in R (R Development Core Team,
2015). Before modeling, we compared the measured values against theoretical normally
distributed values in a Q-Q plot to check whether the measured values came from a normally
distributed population. If a trait deviated from a normal distribution, we transformed the trait by
either taking the square root, log, reciprocal, or arcsine of the trait and tested for normality of
each transformed population via the Shapiro-Wilk test, using the transformation that resulted in
the least deviation from a normal distribution. The chosen transformation for each trait is
recorded in Supplemental Dataset 3.3. After each trait was modeled, the normal distribution of
residuals in the model was verified. We extracted p-values for significant (p < 0.05) differences
between ILs and cv M82 from the models using the pvals.fnc function from the language R
package (http://CRAN.R-project.org/package=languageR); these p-values were used to generate
the QTL analysis.
Broad sense heritability (H2) is defined as the proportion of total phenotypic variance that can be
attributed to genetic variation (Futuyma, 1998):
𝐻! =

!!
!! !!!

.

(2)
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where VG is genetic variance and VE is environmental variance. We determined broad-sense
heritability values (H2) using the estimates of variance for genetic and environmental effects
(here, this includes the block, row, and position assignments of each plant and the variance of
residual effects) that were derived from mixed-effect linear modeling (Supplemental Dataset
3.3). We categorized H2 values as low (0.0 – 0.2), intermediate (0.2 – 0.4), or high (0.4 – 0.6); a
trait with high heritability (closer to 1) generally indicates that genetic factors strongly influence
the amount of variation for that trait.
We compared the data set of this study against that of our previous study of the same ILs in a
greenhouse setting in St. Louis, MO, which were grown from December 2013 – February 2014
(Bender et al., 2017). We calculated Pearson correlation coefficients between the data sets from
the two growth populations using PRISM (GraphPad Software, Inc.) for Mac OS X.

3.3.5 Hierarchical clustering of traits
In order to test for significant correlations between leaf wax traits from the present study and
traits measured from previous studies with the S. pennellii ILs, we performed hierarchical
clustering to build nested groupings of traits that are organized based on similarities between sets
of trait observations. We performed a correlation analysis of leaf wax traits from this study with
traits existing in the phenomics database (Phenom-Networks, www.phenome-networks.com).
For each trait in a data set, data were z-score normalized in order to transform all data ranges to a
standardized average and standard deviation. Z-scores were averaged across replicates. We
performed hierarchical clustering using the hclust function from the stats package in R (R
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Development Core Team, 2015), clustering by the absolute value of the Pearson correlation
coefficient using Ward’s minimum variance method. We created a correlation matrix (Spearman)
between all traits measured in this study (modeled as described above) and traits from other
published studies, as described below. Significance values for correlations were determined and
the false discovery rate controlled via the Benjamini-Hochberg method (Benjamini and
Hochberg, 1995).
All traits analyzed for hierarchical clustering were divided into five major groups, which were
determined by the studies they were reported from and by the phenotype that they measure,
following the naming system described by Chitwood et al. (2013). “DEV” refer to leaf
morphological and developmental traits as reported by Chitwood et al. (2013). “MET” traits
report metabolite levels in the fruit pericarp, as measured by Schauer et al. (2006; 2008). Traits
labeled “MOR” as recorded in Schauer et al. [2006; 2008] and Phenom-Networks include traits
relevant to yield and morphological measures of fruits and flowers. The “ENZ” traits measure
enzymatic activities in the fruit pericarp, as reported by Steinhauser et al. (2011), and “SEED”
traits measure metabolite levels in seeds, as derived from Toubiana et al. (2012). Traits described
in the present study are termed “WAX” because they relate to leaf waxes.

3.4 Results
3.4.1 Leaf wax composition and leaf measures
All ILs and cv M82 produced alkanes ranging from C27 – C35, with n-C31 as the most abundant
alkane. The prevalence of n-C31 has been previously been reported from the leaves and fruits of
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cv M82 and S. pennellii (Bender et al., 2017; Halinski et al., 2015; Yeats et al., 2012), as well as
from the leaves of S. pennellii ILs (Bender et al., 2017). Methylated alkanes with methyl groups
at the iso (second) and anteiso (third) positions were prevalent among all ILs. For each carbon
chain length, the iso-alkane elutes before the anteiso-alkane, which elutes before the n-alkane in
the chromatogram (e.g., i-C31 is followed by a-C31, which is followed by n-C31).
We calculated the methylation index after Bender et al. (2017; Table 3.1), which summarizes the
relative abundance of iso- and anteiso-alkanes to total alkanes. Values closer to 1 indicate a
greater proportion of methylated alkanes. The methylation index was 0.08 ± 0.05 (1σ, n = 20) for
cv M82, and ranged from 0.01 to 0.31 for the ILs. The percent of iso- and anteiso- alkanes were
similar for cv M82 (3.2 ± 1.8 and 4.8 ± 3.7, respectively). For the ILs, the percent of iso-alkanes
ranged from 0.6 to 14.3, and the percent of anteiso-alkanes ranged between 0.8 to 17.
The carbon preference index (CPI) assesses the odd-over-even predominance among alkanes
(Marzi et al., 1993), and was calculated individually for n-, iso-, and anteiso-alkanes (Table 3.1).
CPIs for n-alkanes were 9.1 ± 1.9 (1σ, n = 20) for cv M82 and ranged between 4.8 and 20.2 for
the ILs. For iso-alkanes, CPIs were 5.4 ± 1.0 for cv M82 and ranged from 2.3 to 14.0 for the ILs.
The CPIs of anteiso-alkanes were 0.3 ± 0.2 for cv M82 and ranged between 0.1 and 0.7 for the
ILs. The strong odd-over-even predominance for n- and iso-alkanes is consistent with previous
observations (Bender et al., 2017; Eglinton and Hamilton, 1967; Lockheart et al., 1997), and the
even-over odd-predominance among anteiso-alkanes has been attributed to the different
precursor used during biosynthesis of anteiso-alkanes (Grice et al., 2008; Kolattukudy, 1969;
Reddy et al., 2000).
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The average chain length (ACL) of n-alkanes was 31.4 ± 0.2 (1σ, n = 20) for cv M82, and ranged
between 30.4 and 31.9 for the ILs (Table 3.1). For iso-alkanes, ACL was 31.8 ± 0.2 for cv M82
and ranged from 30.9 to 32.2 for the ILs. ACL of anteiso-alkanes was 32.0 ± 0.1 for cv M82 and
ranged between 31.5 and 32.1 for the ILs.
The concentration of alkanes normalized to leaf mass (μg alkane/g leaf, calculated for all alkanes
C27-C33) is highly variable among the biological replicates of cv M82 (163.2 ± 166.6 μg/g; 1σ, n
= 20; Table 3.1). Among the ILs, total alkane concentration ranges between 4.9 μg/g and
2930.2 μg/g. Leaf mass per area (LMA) ranged from 38.5 to 1604.9 g/m2 among the ILs. For cv
M82, LMA was 61.6 ± 6.4 g/m2 (1σ, n = 20).

3.4.2 Alkane δ2H values
The δ2H values of n-C31 ranged from -167‰ to -121‰ among all biological replicates (leaves
sampled from different plants) of the ILs (range of 47‰), with an average value of -149‰
(Table 3.1; see Supplemental Dataset 3.2 for measured δ2H values of n-C31 used for trait
modeling). When comparing the average n-alkane δ2H value for each IL (as calculated from 1-5
biological replicates; Supplemental Dataset 3.4), the δ2H values of n-C31 ranged from -159‰ to 122‰ (range of 37‰). There was substantial variation in leaf wax δ2H values among the
biological replicates of each IL, as shown by the error bars that represent standard deviation in
Supplemental Figure 3.1. The maximum variation in δ2H of n-C31 within a single IL was 30‰
(IL 10-3). For cv M82, the average δ2H value was -148 ± 7‰ (1σ, n = 19).
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3.4.3 Heritability of leaf wax traits
We summarized the relative influences of genetic and environmental factors among all leaf wax
traits in this population by calculating broad-sense heritability (H2; Equation 3.2). Broad-sense
heritability expresses the proportion of the total variation between individuals due to genetic
variation, with values closer to 1 indicating that more of the trait variation can be attributed to
genetic variation. Heritability values (Table 3.1 and Figure 3.1) for all leaf wax traits in this
study ranged from low (H2 = 0.00) to intermediate (0.34). LMA (H2 = 0.34), alkane
concentration (0.25), CPI of n-alkanes (0.25) were of intermediate heritability. All methylation
traits were also of intermediate heritability: methylation index (H2 = 0.21), percent of iso-alkanes
(0.24), and percent of anteiso-alkanes (0.21). Measures of δ2Hn-C31 (H2 = 0.24) were also of
intermediate heritability. ACL of n-alkanes were of intermediate heritability (H2 = 0.20),
whereas heritability was low for ACLs of anteiso- (0.14) and iso-alkanes (0.11). CPIs for isoalkanes were of low heritability, whereas H2 for CPIs of anteiso-alkanes is 0.00.

3.4.4 Detected QTL
We detected QTL for each leaf wax trait by determining which ILs had a modeled trait value that
was significantly different from the modeled trait value of cv M82. In total, we identified 151
QTL with a significant distinction (p < 0.05; Figure 3.2, Supplemental Table 3.1). 17 of these
QTL were in the direction toward S. pennellii (i.e., significantly different from cv M82 in the
direction of S. pennellii). Due to the difficulty of growing S. pennellii under Columbia, MO field
conditions, the directionality of traits was determined by comparisons against S. pennellii grown
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in a greenhouse setting (Bender et al., 2017), and thus it cannot be determined whether QTL are
transgressive beyond S. pennellii. Sixty-six QTL were transgressive beyond cv M82 (i.e., the
trait value was outside of the range between cv M82 and S. pennellii in the direction of cv M82;
see Supplemental Table 3.1).
QTL regulating alkane methylation
QTL analysis may help to identify the genetic basis of variation in alkane methylation between S.
pennellii and cv M82. Bender et al. (2017) reported a methylation of index for S. pennellii of
0.50 ± 0.04, compared to 0.15 ± 0.02 for cv M82 in the greenhouse setting; the present study
revealed a methylation index of 0.08 ± 0.05 for cv M82. Our analysis identified 15 QTL for the
methylation index (3 toward S. pennellii and 12 transgressive beyond cv M82), 13 QTL for the
percent of iso-alkanes (3 toward S. pennellii and 10 transgressive beyond cv M82), and 13 QTL
for the percent of anteiso-alkanes (2 toward S. pennellii and 11 beyond cv M82).
There was substantial overlap in QTL for all three methylation traits, with multiple ILs
significant toward S. pennellii. IL 6-2 displayed the greatest increase in methylated alkanes, with
an average methylation index of 0.15, 6.2% iso-alkanes and 8.4% anteiso-alkanes. ILs 3-2 and 83-1 both had methylation indices of 0.13, with IL 3-2 bearing 6.3% iso-alkanes and IL 8-3-1 with
8.5% anteiso-alkanes.
Many QTL yielded methylation traits that were transgressive beyond cv M82: IL 1-2
(methylation index = 0.04, 1.4% iso-alkanes, 1.8% anteiso-alkanes), IL 2-5 (methylation index =
0.03, 1.3% iso-alkanes, 1.9% anteiso-alkanes), IL 5-1 (methylation index = 0.05, 2.0% iso94

alkanes, 2.8% anteiso-alkanes), IL 5-2 (methylation index = 0.05, 2.1% iso-alkanes, 3.1%
anteiso-alkanes), IL 8-2 (methylation index = 0.03, 1.5% iso-alkanes, 2.0% anteiso-alkanes), IL
8-2-1 (methylation index = 0.02, 1.1% iso-alkanes, 2.0% anteiso-alkanes), IL 9-1-2 (methylation
index = 0.05, 2.9% anteiso-alkanes), IL 9-2-6 (methylation index = 0.05, 2.0% iso-alkanes, 2.8%
anteiso-alkanes), IL 10.1 (methylation index = 0.05, 1.9% iso-alkanes), IL 11.3 (methylation
index = 0.05, 2.0% iso-alkanes), and IL 12.3.1 (methylation index = 0.05, 3.0% anteiso-alkanes).
QTL regulating CPI, ACL, and leaf measures
Our analysis identified twenty-three QTL for CPIs: 14 for n-alkane CPIs, 6 for iso-alkane CPIs,
and 3 for anteiso-alkane CPIs. For the QTL of n-alkane CPIs, only one was significant toward S.
pennellii (IL 2-3), whereas the remaining 13 were transgressive beyond cv M82. For the QTL of
iso-alkane CPIs, three were transgressive beyond cv M82 (ILs 5-1, 6-3, and 12-2), whereas the
other three were significant toward S. pennellii. The directionality of the QTL for anteiso-alkane
CPIs could not be determined, because the measured values were nearly indistinguishable
between cv M82 and S. pennellii (Bender et al., 2017).
Twenty-three QTL were identified for ACLs: 12 for n-alkane ACLs, 6 for iso-alkane ACLs, and
5 for anteiso-alkane ACLs. Four QTL of n-alkane ACLs were significant toward S. pennellii: ILs
2-4, 2-5, 3-4, and 6-2-2. Four QTL of iso-alkane ACLs were transgressive beyond cv M82: ILs
2-5, 5-2, 7-5, and 7-5-5. All QTL of anteiso-alkane ACLs were transgressive beyond cv M82.
We identified 25 QTL for LMA and 21 QTL for the concentration of alkanes relative to leaf
mass. The directionality of these traits could not be determined, as they were not measured for S.
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pennellii. Among the QTL for LMA, 6 had trait values that were lower than that of cv M82: ILs
1-1-2, 4-1-1, 4-3-2, 9-3-1, 12-1-1, and 12-2. Of the QTL for alkane concentration, two had trait
values less than that of cv M82: ILs 4-1 and 6-2.
QTL regulating alkane δ2H values
Our analysis revealed eighteen QTL for leaf wax δ2H values; the directionality of these QTL
could not be identified because leaf wax δ2H values were not measured from S. pennellii. Of
these QTL, only six were enriched in 2H in comparison to cv M82: ILs 1-1, 1-1-2, 2-3, 2-4, 4-1,
and 12-2. The remaining ten QTL had average δ2H values that were depleted relative to the
average δ2H value of cv M82: ILs 1-3, 2-2, 3-5, 4-4, 7-4-1, 9-2-6, 10-1, 10-2-2, 11-1, and 12-4.

3.4.5 Variability between populations grown in greenhouse and field settings
In a previous study, we measured a similar set of structural leaf wax traits from the S. pennellii
ILs grown in a greenhouse setting (Bender et al., 2017). We report H2 measured for each leaf
wax trait in Table 3.1; H2 values are consistently higher for traits from the greenhouse-grown
plants relative to the traits from the field-grown plants (present study). We compared the same
leaf wax traits measured between both studies and report the significant (p < 0.05) correlations
and their respective Pearson’s r correlation coefficients (Figure 3.3). Note that ACL of n-alkanes
and CPI of anteiso-alkanes did not significantly correlate between the results of the two studies
and were not included in this comparison.
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Across all compared traits, there was a moderate positive linear relationship between the data
sets of the two studies (0.24 ≤ r ≤ 0.39; Figure 3.3). Leaf wax trait values were generally higher
among the plants grown in the greenhouse than those from the field environment.

3.4.6 Hierarchical clustering and correlations of leaf wax traits
Hierarchical clustering revealed associations between leaf wax traits (Figure 3.4). ACL of
anteiso-alkanes clustered with total alkane concentration normalized to leaf mass, which together
co-clustered with the trio of alkane methylation traits; this entire group co-clustered with CPI of
iso-alkanes, and also with ACLs of n- and iso-alkanes. Separately clustered were leaf mass per
area (LMA) with δ2H values of n-C31, with were co-clustered with CPIs of n- and anteisoalkanes.
Numerous leaf wax traits were significantly correlated with each other based on BH-adjusted pvalues and Spearman’s ρ correlation coefficient (Figure 3.4, Supplemental Dataset 3.5). All
methylation traits were positively correlated with each other (p < 0.001, 0.80 < ρ < 0.95). CPIs of
n- and anteiso-alkanes were negatively correlated with each other (p < 0.001, ρ = -0.41).
ACLs of n-, iso-, and anteiso-alkanes correlated positively with each other (p < 0.003, 0.36 <
ρ < 0.71).
ACL of n-alkanes correlated negatively with the methylation index (p = 0.038, ρ = -0.48).
ACLs of iso- and anteiso-alkanes correlated negatively with the methylation index (p <
0.001, -0.68 < ρ < -0.48), percent of iso-alkanes (p < 0.001, -0.68 < ρ < -0.45), and percent of
anteiso-alkanes (p < 0.001, -0.60 < ρ < -0.46). CPI of n-alkanes correlated negatively with
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ACL of n-alkanes (p = 0.026, ρ = -0.28) and positively with ACL of anteiso-alkanes (p = 0.028,
ρ = 0.27). CPI of iso-alkanes was negatively correlated with ACL of anteiso-alkanes (p =
0.018, ρ = -0.29). The percent of iso-alkanes correlated positively with CPIs of iso- (p =
0.005, ρ = 0.34) and anteiso-alkanes (p = 0.020, ρ = 0.29). CPI of n-alkanes correlated
negatively with methylation index (p < 0.001, ρ = -0.44), percent of iso-alkanes (p < 0.001, ρ
= -0.53), and percent of anteiso-alkanes (p <= 0.003, ρ = -0.36).
The concentration of leaf wax alkanes was negatively correlated with multiple traits:
methylation index (p < 0.001, ρ = -0.69), percent of iso-alkanes (p < 0.001, ρ = -0.66), percent
of anteiso-alkanes (p < 0.001, ρ = -0.62), LMA (p = 0.001, ρ = -0.39), and CPI of anteisoalkanes (p = 0.002, ρ = -0.38). The concentration of leaf wax alkanes was positively
correlated with ACL of anteiso- (p < 0.001, ρ = 0.61) and iso-alkanes (p = 0.015, ρ = 0.30),
and with CPI of n-alkanes (p < 0.001, ρ = 0.53). LMA correlated positively with the percent
of iso- (p = 0.001, ρ = 0.39) and anteiso-alkanes (p < 0.001, ρ = 0.43), and with the
methylation index (p = 0.001, ρ = 0.38). LMA was negatively correlated with CPI of nalkanes (p < 0.001, ρ = -0.41) and ACL of anteiso-alkanes (p = 0.038, ρ = -0.26).
δ2H values of n-C31 correlated positively with all methylation traits (p < 0.002, 0.37 < ρ < 0.42). δ2Hn-C31 also correlated positively with CPI of anteiso-alkanes (p = 0.016, ρ = 0.30), but
negatively with CPI of n-alkanes (p < 0.001, ρ = -0.53). δ2H values of n-C31 were negatively
correlated with the relative concentration of leaf wax alkanes (p < 0.001, ρ = -0.40) and
positively correlated with LMA (p < 0.001, ρ = 0.57).
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Clustering and correlations of leaf wax traits with traits from previous IL studies
Multiple leaf wax traits from this study clustered with traits measured from previous studies of
plant metabolism, yield, and developmental leaf traits, which may reveal information about the
relevance of leaf wax traits to these traits (Figure 3.5, Supplemental Figure 3.2). CPI of anteisoalkanes clustered with levels of sucrose in fruit pericarp (Steinhauser et al., 2011) and coclustered with measured levels of fatty acids 16:0, 18:0, and 18:2 (palmitic, stearic, and linoleic
acids, respectively; Schauer et al., 2008, 2006). ACL of n- and iso-alkanes were co-clustered
with levels of the metabolites shikimate and sorbitol within the fruit pericarp and with the
number of flowers per inflorescence (Schauer et al., 2008, 2006). These ACLs were also coclustered with enzymatic activities of sucrose synthase and glutamate dehydrogenase in the fruit
pericarp (Steinhauser et al., 2011), and with metabolite levels of galactinol within the seeds
(Toubiana et al., 2012). CPI of iso-alkanes clustered with the number of days until flowering and
with a measure of the distal lateral leaflefts of the ILs (Chitwood et al., 2013), and also with
metabolite levels of tryptophan and citramalate in the fruit pericarp (Schauer et al., 2008, 2006).
Numerous leaf wax traits correlated significantly with traits measured from previous S. pennellii
IL studies, which were measured from plants grown under different conditions, based on BHadjusted p-values and Spearman’s ρ correlation coefficient (Figure 3.5, Supplemental Dataset
3.6). For example, CPI of n-alkanes was correlated with increased leaflet complexity (p <
0.006, ρ = 0.41; Chitwood et al., 2013). δ2H values of n-C31 alkanes correlated negatively with
increased levels of the metabolite glutamate within the fruit pericarp (p < 0.005, ρ = -0.44;
Schauer et al., 2008, 2006).
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3.5 Discussion
The QTL identified in this study may help to explain the genetic basis of variation in leaf wax
traits between S. pennellii and cv M82 (Figure 3.2, Supplemental Table 3.1). Multiple QTL were
identified for all leaf wax traits in this study, supporting the conclusion of Bender et al. (2017)
that leaf wax traits are polygenic, with large portions of the genome contributing to natural
variation among the leaf wax traits. Each genetic loci affecting these traits contains numerous
genes; identifying these loci is a first step in identifying candidate genes that affect these leaf
wax traits. Additionally, the QTL mapping in this study provides a blueprint for identifying
genetic mechanisms that are tied to variability in these leaf wax traits, and the genetic basis of
trait evolution (Conner and Hartl, 2004).

3.5.1 Genetic factors influence alkane δ2H values
Among all plants, we observed a large range in hydrogen isotopic values of n-C31 alkanes
(47‰; Supplemental Dataset 3.2, Supplemental Figure 3.1), despite the near-identical
genetic composition of all plants that were grown simultaneously in close proximity. The
range in alkane δ2H values based on average alkane δ2H values across biological replicates of
the ILs was substantially smaller (37‰). We also observed a large range in δ2H values of n-C31
alkanes within biological replicates of some ILs (up to 30‰), highlighting the extent of natural
variability of leaf wax δ2H values among individual plants. We quantified the relative
contributions of genetic and environmental inputs to the observed variance among leaf wax δ2H
values in this study, and found that there was a moderate amount of genetic control over leaf wax
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hydrogen isotopic composition (i.e., intermediate heritability; H2 = 0.24; Figure 3.1). Together,
these findings provide evidence that biological factors driven by genetic differences exert a
moderate influence over leaf wax δ2H values.
The range in leaf alkane δ2H values measured from plants in this study is consistent with
previous surveys of inter-plant leaf wax δ2H variability in controlled greenhouse and natural
field environments. A study among 20 different species of succulent plants in greenhouse
conditions yielded a slightly larger range (86‰) in n-alkane δ2H values (Feakins and Sessions,
2010). A study of ferns, trees, and grasses collected from a natural environment yielded a range
of leaf wax δ2H values of up to 70‰ among the different plant types (Hou et al., 2007). These
comparisons are presented to impress upon the reader the magnitude of variability in n-alkane
δ2H values that can be affected by minute genetic differences, suggesting that leaf wax δ2H
values may not record a constant environmental δ2H precipitation signal.
Potential factors affecting leaf wax δ2H values
Leaf wax δ2H values can be affected by a plethora of physiological factors. The δ2H of a plant’s
source water may differ from its neighbors if they have different root depths. Soil evaporation
leads to 2H-enrichment of source and, by extension, leaf waters (Smith and Freeman, 2006).
However, because the ILs were started from seedlings and grown for only a few months, we
suggest that differences in root depths were not an important mechanism for affecting leaf wax
δ2H values.
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Timing of leaf wax synthesis has also been demonstrated to affect alkane δ2H values. For
example, leaves of the same plant from different generations (i.e., that form at different times)
can record leaf water with distinctive isotopic compositions (Kahmen et al., 2011; Tipple et al.,
2013). However, our sampling scheme collected young, contemporaneous leaf material from all
plants, minimizing the potential differences imposed by timing of leaf wax synthesis.
Leaf wax δ2H values can be strongly influenced by leaf water evaporative 2H-enrichment
(Kahmen et al., 2013; Tipple et al., 2015). Leaf water loss is modulated by the permeability of
the leaf cuticle, which is the primary barrier against uncontrolled water loss from leaves
(Riederer and Schreiber, 2001). In this study, we observed that leaf wax δ2H values are more 2Hdepleted in ILs with higher alkane abundances (Figure 3.4, Supplemental Dataset 3.5). This
correlation provides evidence that greater wax content in the leaf cuticle may decrease leaf water
loss, thus limiting evaporative 2H-enrichment. Previous research, however, has demonstrated that
cuticular permeability is not affected by the amount of cuticular waxes (Riederer and Schreiber,
2001). Further research into the QTL identified for leaf wax δ2H values in this study (Figure 3.2,
Supplemental Table 3.1) is needed to test for potential connections between alkane abundance
with leaf cuticle permeability within this model species complex.
In our study, we observed that the relative abundance of methylated alkanes was increased
among ILs that had more enriched alkane δ2H values (Figure 3.4, Supplemental Dataset 3.5),
suggesting that increased alkane methylation may increase evaporative leaf water 2H-enrichment.
Previous studies have suggested that the molecular structure of cuticular waxes is releveant to
cuticular permeability (Geyer and Schönherr, 1990). This effect on cuticular permeability has
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been attributed to the varying effects of different wax structures on the tortuosity of the path
along which a molecule (e.g., water) diffuses through the cuticle, which may alter transport of
the molecule (Riederer and Schneider, 1990). The results of our study suggest that a relative
increase in methylated alkanes may increase leaf water evaporation, which may be related to an
increase in leaf cuticular permeability. Compared to n-alkanes, the additional methyl group on
the iso- and anteiso-alkanes may create a less tortuous diffusion path for water in the leaf cuticle,
which would increase permeability, thus enhancing water loss and subsequent evaporative leaf
water 2H-enrichment. Future research into the QTL identified for leaf wax δ2H values in this
study (Figure 3.2, Supplemental Table 3.1) and the potential role of methylated alkanes in
cuticular permeability and stomatal conductance is required to resolve how these factors affect
the hydrogen isotopic compositions of n-alkanes among the ILs in this study.
Apparent fractionation
Because all plants in this study were grown under the same environmental conditions and with
the same water source, the differences in δ2H values among the ILs are equivalent to the
differences in the apparent hydrogen isotopic fractionation, expressed as the offset between leaf
wax δ2H and precipitation δ2H. The hydrogen isotopic value of precipitation (weighted average
based on monthly precipitation amount during June and July, the primary growth period of the
ILs) at the field location was calculated using the Online Isotopes in Precipitation Calculator
(OIPC; Bowen, 2017; Bowen et al., 2005; IAEA/WMO, 2015). The average precipitation δ2H
was -12.5‰.
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Our data suggest that the apparent fractionation for the ILs ranged between -148‰ and -111‰
(mean = -138‰), and for cv M82 was -138‰. Our range of apparent fractionation values are
consistent with the range measured from n-C29 alkanes that were extracted from recent lake
surface sediments (-147‰ to -120‰; Sachse et al., 2004). Our findings suggest that a portion (up
to 24%) of this range of apparent hydrogen isotopic fractionation values can be attributed to
minor genetic differences.

3.5.2 Variability in leaf wax compositions between growth populations
Effects of controlled environments on leaf wax traits
Leaf wax traits are consistently more heritable (Table 3.1) and have higher trait values (Figure
3.3) among plants from the greenhouse environment (Bender et al., 2017) than among plants
from the field environment (current study). Our results suggest that leaf wax traits in a highly
controlled environment (e.g., greenhouses and growth chambers) are inherently more strongly
influenced by genetic factors. It has been suggested that field environments are more strongly
affected by increased leaf wax production due to factors such as increased leaf surface abrasion
due to wind and rain (Jetter et al., 2006). Previous studies have noted differences in leaf wax
traits between plants grown in growth chamber and field environments. For example, McInerney
et al. (2011) observed that leaf wax δ2H values from growth chamber grasses were less affected
by evaporative 2H-enrichment than their counterparts grown in a field environment.
Overall, this finding indicates that genetic influences over leaf wax values may be overwritten by
environmental variation, which lends support to using sedimentary alkanes for reconstructing
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broad environmental signals. These results also emphasize the need for caution when applying
findings from controlled growth experiments to interpreting sedimentary records.
Overlapping QTL
Numerous QTL identified for leaf wax traits in this study overlap with QTL identified from the
greenhouse-grown plants (Bender et al., 2017), providing increased evidence that these genetic
loci are important contributors to leaf wax traits (Figure 3.2, Supplemental Table 3.1). Many
alkane methylation traits overlap between the two studies: IL 3-2 for increased values among all
methylation traits, IL 6-2 for increased relative amounts of anteiso-alkanes, and IL 7-5-5 for
decreased relative amounts of anteiso-alkanes. Among CPIs, multiple QTL also overlap between
the studies: ILs 1-2, 10-2, and 10-2-2 are associated with greater CPIs of n-alkanes, whereas ILs
3-2 and 6-2 are associated with greater CPIs of iso-alkanes. QTL for the ACLs also overlap: IL
2-5 is associated with higher ACL of n-alkanes, and ILs 1-1 and 4-1-1 are associated with lower
ACLs of anteiso-alkanes.

3.5.3 Wax composition and leaf life span
Leaf mass per area (LMA) is independently correlated with leaf life span in ecological studies
(Donovan et al., 2011; Wright et al., 2004), with long leaf life spans requiring greater
construction costs that result in high LMA. Thus, it has been suggested that lipid abundance and
LMA will increase together. However, we found a negative correlation between the abundance
of alkanes and LMA (Figure 3.5, Supplemental Dataset 3.5), suggesting that alkane abundance is
lower among long-lived leaves. Our finding corroborates the results of Villar et al. (2006), who
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observed a negative correlation between LMA and the concentration of bulk lipids among
sixteen species of woody plants. However, our finding contradicts that of Villar and Merino
(2001), who determined that, among the smaller leaves of 162 different woody species, greater
LMA was associated with greater bulk lipid concentration. Our finding is also different from the
results of Diefendorf et al. (2011), which revealed no correlation between LMA and n-alkyl lipid
abundance among 46 different tree species. Together, these findings suggest that leaf lipid
content is related to additional factors that vary among plant groups. Because the lipid analyses
of both Villar et al. (2006) and Villar and Merino (2001) are of bulk lipid compositions, it is
possible that the varying construction costs of different lipid classes can affect their abundance in
long-lived leaves. Further research is needed to clarify relationships between leaf life span and
production of various classes of lipids, including n-alkanes.
Additionally, we observed a positive correlation between leaf wax δ2H values and LMA. This
result reveals that leaf wax δ2H values are more enriched in leaves with greater LMA and, by
extension, a greater leaf life span. This relationship may reflect that longer-lived leaves with
higher construction costs have elevated levels of leaf water loss and, by extension, evaporative
leaf water 2H-enrichment.

3.5.4 Implications for sedimentary reconstructions
Hydrogen isotope values of sedimentary waxes derived from leaves are commonly employed as
a proxy for hydrogen isotopic values of meteoric waters, which is useful for reconstructing
paleoenvironmental information such as temperature and humidity (Gat, 1996; Sachse et al.,
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2012). An implicit assumption for using δ2H values of leaf waxes for paleoenvironmental
reconstruction is that the δ2H alkane signal reflects primarily environmental rather than genetic
information. We have tested this assumption by quantifying that leaf wax δ2H values are
moderately influenced by genetic variance (H2 = 0.24) in this experimental setup. This finding is
consistent with the interpretation that variation in the δ2H of wax compounds, as recorded in
sediments, is primarily driven by paleoenvironmental conditions. However, our study suggests
that caution should be exercised when interpreting sedimentary leaf wax records, as genetics
contributed nearly a quarter (24%) of the total variance observed in δ2H values of leaf waxes in
this environment and with this set of plants. Further research is needed to determine whether
other plants in other environments reveal similar amounts of genetic influence over leaf wax δ2H
variance.
Measurements of chain lengths from sedimentary n-alkanes have previously been correlated with
climatic variables, including temperature and humidity (Bush and McInerney, 2015, 2013;
Freeman and Pancost, 2014). Thus, it may be expected that ACLs are primarily influenced by
environmental cues. In this study, we observed that ACLs were of low to intermediate
heritability (H2 = 0.14 to 0.20), suggesting that there is a moderate degree of genetic influence
over alkane chain-length distributions. Additionally, we observed that ACLs were nearly
constant across all ILs, suggesting that ACLs are conserved among these Solanum ILs. Our
findings are consistent with the interpretation that ACLs of sedimentary alkanes reflect changes
in plant community composition.
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3.6 Conclusions
We studied the relative influences of genetic versus environmental controls over leaf wax traits,
including hydrogen isotopic compositions of n-alkanes, by simultaneously growing replicates of
76 Solanum pennellii introgression lines (ILs) in a field environment near Columbia, Missouri.
The δ2H values of leaf waxes show up to 47‰ variability among the ILs, despite the fact that
only minor genetic differences distinguish the ILs. We report that 24% of the variance in nalkane δ2H values among these plants was attributed to genetic variance. Interestingly, we found
that ILs with greater amounts of methylated alkanes also had more enriched leaf wax δ2H values.
We suggest that this connection may result from increased leaf water evaporative 2H-enrichment
associated with alkane methylation, which may decrease the tortuosity of the leaf cuticle, leading
to increased permeability and leaf water evaporation.
We identify QTL for all leaf wax traits, which is the first step in identifying candidate genes that
are involved in modulating leaf wax traits in this set of plants. We also compare the results of the
field-grown plants in this study with greenhouse-grown plants of the same IL population (Bender
et al., 2017). Our analysis of the two growth populations reveals that leaf wax trait values are
higher among greenhouse-grown plants, and that leaf wax traits record a higher proportion of
environmental to genetic signal when grown in a natural environment. This finding suggests that
caution should be employed when applying the results of growth studies in controlled
environments (e.g., greenhouses and growth chambers) to paleoenvironmental reconstructions.
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Table 3.1 Structural and hydrogen isotopic traits of leaf wax n-alkanes for S. lycopersicum cv
M82 and the S. pennellii introgression lines (ILs) and calculated broad-sense heritability (H2) for
each trait from both this study and from Bender et al. (2017). Data are from 20 biological
replicates of cv M82 and from 1-5 biological replicates of each IL. SD denotes 1σ standard
deviation; na denotes data not available.
cv M82
Average
SD
0.08
0.05
3.2
1.8
4.8
3.7
9.1
1.9
5.4
1.0
0.3
0.2
31.4
0.2
31.8
0.2
32.0
0.1
163.2
166.6
61.6
6.4
-148
7

a

Methylation index
Percent iso-alkanes
Percent anteiso-alkanes
CPI b [n-alkanes]
CPI b [iso-alkanes]
CPI b [anteiso-alkanes]
ACL c [n-alkanes]
ACL c [iso-alkanes]
ACL c [anteiso-alkanes]
µg alkane/g dry leaf
LMA d
δ2H n-C31

ILs
Average
0.07
3.0
4.2
9.9
5.5
0.2
31.4
31.8
32.0
297.5
65.7
-149

Range
0.01 to 0.31
0.6 to 14.3
0.8 to 17
4.8 to 20.2
2.3 to 14
0.1 to 0.7
30.4 to 31.9
30.9 to 32.2
31.5 to 32.1
4.9 to 2930.2
38.5 to 116.3
-167 to -121

H2

H2 *

0.21
0.24
0.21
0.25
0.19
0.00
0.20
0.11
0.14
0.25
0.34
0.24

0.35
0.37
0.39
0.31
0.22
0.27
0.30
0.26
0.38
na
na
na

* Refers to heritability (H2) values from the greenhouse-grown plants of Bender et al. (2017)
a

b

Methylation index =

!!!

!!"!!" ! !"" !!"!!!
!∙ !"!# !!"!!"

Average chain length (ACL), calculated separately for n-, iso-, and anteiso-alkanes, where

ACL!=27:33 =
d

C!"!!! ! !"#$%&' C!"!!!

C!"!!! ! !"#$%&' C!"!!! ! ! C!"!!!

Carbon preference index (CPI), calculated separately for n-, iso-, and anteiso-alkanes, where

CPI =
c

!"#
!"#

!! ∙!
!!

Leaf mass per area (LMA; g/m2)
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Figure 3.1 Broad-sense heritability for leaf wax traits. Colors denote traits with intermediate
(yellow, 0.2 ≤ H2 < 0.4) and low (green, H2 < 0.2) heritability values. All traits were measured
from plants grown in field conditions in 2014 in Columbia, MO. The majority of leaf wax traits
in this population have intermediate heritability values, except for most measures of ACL and
CPI (excluding ACL and CPI of n-alkanes).
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Figure 3.2 Detected leaf wax QTL. Shown are QTL with p-value < 0.05, with more significant
p-values indicated in the warmer colors (i.e., red), as calculated from mixed-effect linear models
for deviation of ILs from cv M82. 149 QTL were detected from this population. Traits are
loosely grouped by type: from left to right, methylation traits, structural traits, and leaf and
hydrogen isotopic traits.
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Figure 3.3 Significant correlations of leaf wax traits between field-grown and greenhouse-grown
ILs. Values for corresponding leaf wax traits measured from this study and those measured in a
greenhouse-environment by Bender et al. (2017). Shown are the trait values measured from both
IL populations, with Pearson’s r coefficient of correlation and the significance (p-value) of the
correlation. Shown are only those traits common to both studies that are significant. Excluded are
two traits with non-significant (p > 0.05) correlations: ACL of n-alkanes and CPI of anteisoalkanes.
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Figure 3.4 Hierarchical clustering and correlation of leaf wax traits from this study. Hierarchical
clustering and heat map of leaf wax traits measured in this study with each other. The upper
quadrant shows correlation p-values; gray indicates non-significant p-values, whereas the
spectrum of colors designates p-values ranging from less (orange) to more (purple) significant.
The lower quadrant indicates Spearman’s ρ values that are negative (red), neutral (white),
and positive (green). The p-values and ρ values used to generate this figure are available in
Supplemental Dataset 3.5.
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Figure 3.5 Hierarchical clustering and correlation of leaf wax traits from this study with
previously measured IL traits. Hierarchical clustering of leaf wax traits from this study with traits
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measured in previous studies (see close-up of the hierarchical clustering in Supplemental Figure
3.2). WAX (green) are leaf wax traits from this study; DEV (black), leaf developmental traits
from Chitwood et al. (2013); MOR (pink), entire-plant, yield, and reproductive morphological
traits from Schauer et al. (2006, 2008); MET (blue), metabolic traits from the two previous
studies; ENZ (yellow), enzymatic activities from Steinhauser et al. (2011); SEED (orange), seed
metabolites as measured by Toubiana et al. (2012). Hierarchical clustering is based on absolute
correlation values. The upper quadrant shows significant correlations (p < 0.05) between traits
after multiple test adjustment, shown in black. The lower quadrant indicates Spearman’s ρ
values that are negative (red), neutral (white), and positive (green). The p-values and ρ
values used to generate this figure are available in Supplemental Dataset 3.6.
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3.8 Appendix
The Supplementary Material for this chapter can be found online at the GitHub repository:
https://github.com/aldbender/field-heritability.

3.8.1 Supplemental datasets
Supplemental Dataset 3.1 Seed stock list with each IL accession name converted to the inhouse lineage number, with DC numbers 1-76 corresponding to the ILs and DC 77
corresponding to cv M82.
Supplemental Dataset 3.2 Leaf wax trait values measured from all ILs in this study, used to
perform linear modeling.
Supplemental Dataset 3.3 Summary values of leaf wax traits and transformations used to model
each trait, as well as variances used for calculating broad-sense heritability.
Supplemental Dataset 3.4 Summary data for δ2H values of leaf wax alkanes averaged across all
biological replicates for each IL.
Supplemental Dataset 3.5 Pair-wise Pearson correlation coefficient (ρ) values and significance
values, including p-values and BH-adjusted p-values, of leaf wax traits correlated with each
other.
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Supplemental Dataset 3.6 Pair-wise Pearson correlation coefficient (ρ) values and significance
values, including p-values and BH-adjusted p-values, of leaf wax traits from this study and traits
from previous studies correlated with each other.

3.8.2 Supplemental tables
Table A3.1 QTL detected with p-value < 0.05 for leaf wax traits in ILs. QTL that are
transgressive beyond cv M82 and significant toward S. pennellii are designated with “M82” or
“Sp,” respectively.

Trait

Methylation index

Percent isoalkanes

QTL
1.2
2.5
3.2
4.4
5.1
5.2
6.2
8.2
8.2.1
8.3.1
9.1.2
9.2.6
10.1
11.3
12.3.1
1.2
2.5
3.2
4.1
5.1
5.2
6.2

Chromosome
number
1
2
3
4
5
5
6
8
8
8
9
9
10
11
12
1
2
3
4
5
5
6
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p-value

Average
trait value

0.000
0.000
0.025
0.032
0.016
0.017
0.000
0.000
0.002
0.014
0.047
0.015
0.040
0.024
0.036
0.000
0.000
0.001
0.017
0.005
0.025
0.000

0.04
0.03
0.13
0.05
0.05
0.05
0.15
0.03
0.02
0.13
0.05
0.05
0.05
0.05
0.05
1.4
1.3
6.3
4.2
2.0
2.1
6.2

Transgressive
beyond cv M82 /
Significant toward
S. pennellii
M82
M82
Sp
M82
M82
M82
Sp
M82
M82
Sp
M82
M82
M82
M82
M82
M82
M82
Sp
Sp
M82
M82
Sp

Percent anteisoalkanes

n-alkane CPI

iso-alkane CPI

8.2
8.2.1
9.2.6
10.1
11.3
12.3
1.2
2.5
5.1
5.2
6.2
7.2
7.5.5
8.2
8.2.1
8.3.1
9.1.2
9.2.6
12.3.1
1.2
2.3
2.5
4.4
5.3
8.2
8.2.1
9.1.2
9.2.6
9.3
10.1
10.2
10.2.2
10.3
3.2
5.1
6.2
6.3

8
8
9
10
11
12
1
2
5
5
6
7
7
8
8
8
9
9
12
1
2
2
4
5
8
8
9
9
9
10
10
10
10
3
5
6
6

0.000
0.002
0.014
0.005
0.012
0.013
0.000
0.000
0.018
0.032
0.000
0.014
0.049
0.000
0.002
0.005
0.018
0.019
0.036
0.000
0.019
0.000
0.001
0.001
0.000
0.000
0.037
0.012
0.019
0.001
0.000
0.000
0.039
0.000
0.041
0.002
0.014
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1.5
1.1
2.0
1.9
2.0
2.0
1.8
1.9
2.8
3.1
8.4
3.0
3.0
2.0
1.5
8.5
2.9
2.8
3.0
14.8
7.6
12.4
11.8
13.1
13.0
14.3
10.8
11.2
11.0
11.9
12.5
13.5
12.0
9.0
4.2
8.2
4.0

M82
M82
M82
M82
M82
M82
M82
M82
M82
M82
Sp
M82
M82
M82
M82
Sp
M82
M82
M82
M82
Sp
M82
M82
M82
M82
M82
M82
M82
M82
M82
M82
M82
M82
Sp
M82
Sp
M82

9.3
12.2
4.4
anteiso-alkane CPI 8.2
11.2
1.1
1.3
2.4
2.5
3.4
3.5
n-alkane ACL
6.2.2
8.2.1
8.3.1
9.3
10.2.2
12.1.1
2.4
2.5
4.1
iso-alkane ACL
5.2
7.5
7.5.5
1.1
4.1.1
anteiso-alkane ACL 7.1
8.3.1
10.2
1.1.2
1.3
2.5
3.5
LMA (g/m2)
4.1.1
4.3.2
4.4
5.4

9
12
4
8
11
1
1
2
2
3
3
6
8
8
9
10
12
2
2
4
5
7
7
1
4
7
8
10
1
1
2
3
4
4
4
5

0.025
0.034
0.041
0.048
0.048
0.013
0.028
0.041
0.000
0.019
0.015
0.020
0.007
0.000
0.001
0.042
0.000
0.046
0.000
0.029
0.020
0.026
0.005
0.008
0.004
0.030
0.011
0.007
0.026
0.002
0.002
0.000
0.000
0.018
0.000
0.003
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7.0
4.0
0.2
0.2
0.2
31.0
31.3
31.5
31.7
31.5
31.3
31.6
31.3
31.2
31.3
31.3
31.2
31.8
32.0
31.7
31.9
31.9
32.0
31.7
31.9
31.9
31.9
31.9
53.4
77.7
74.2
76.6
49.8
54.2
84.0
73.9

Sp
M82

M82
M82
Sp
Sp
Sp
M82
Sp
M82
M82
M82
M82
M82
M82
Sp
M82
M82
M82
M82
M82
M82
M82
M82

μg alkane/g leaf

6.3
7.1
7.2
7.4.1
7.5.5
8.1
8.1.1
8.2
8.2.1
9.1
9.3.1
10.1
10.2.2
11.1
11.3
12.1.1
12.2
1.2
2.5
3.1
3.5
4.1
5.1
5.2
6.2
8.1.3
8.2
8.2.1
8.3
9.1.2
9.2.6
9.3.2
10.1
11.2
11.3
11.4

6
7
7
7
7
8
8
8
8
9
9
10
10
11
11
12
12
1
2
3
3
4
5
5
6
8
8
8
8
9
9
9
10
11
11
11

0.000
0.030
0.013
0.004
0.004
0.002
0.015
0.050
0.000
0.021
0.001
0.008
0.043
0.000
0.043
0.021
0.003
0.000
0.000
0.016
0.010
0.031
0.000
0.020
0.027
0.004
0.000
0.000
0.000
0.021
0.002
0.035
0.001
0.029
0.003
0.008
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78.0
71.6
73.9
75.7
73.1
75.6
72.9
69.4
90.1
71.4
48.4
73.7
69.5
79.9
69.6
54.2
53.8
557.9
641.7
333.6
448.0
49.2
607.0
353.9
49.4
574.8
869.0
1973.8
689.2
295.7
557.9
527.3
454.8
298.7
390.9
340.8

δ2H n-C31 (‰)

11.4.1
12.3.1
1.1
1.1.2
1.3
2.2
2.3
2.4
2.5
2.6
3.5
4.1
7.1
7.4.1
9.2.6
10.1
10.2.2
11.1
12.2
12.4

11
12
1
1
1
2
2
2
2
2
3
4
7
7
9
10
10
11
12
12

0.002
0.016
0.000
0.004
0.001
0.028
0.000
0.004
0.037
0.031
0.000
0.007
0.028
0.031
0.000
0.005
0.008
0.011
0.016
0.003
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680.4
365.4
-122
-139
-158
-153
-137
-136
-154
-154
-159
-141
-157
-154
-158
-156
-155
-152
-140
-156

4 TRENDS IN LEAF WAX δ2H VALUES AND
ALKANE METHYLATION ACROSS LEAF
AGES AND ALONG LEAF VENATION IN

SOLANUM

To be submitted to Organic Geochemistry as:
Bender, A.L.D., Bradley, A.S. (2017) Trends in leaf wax δ2H values and alkane methylation
across leaf ages and along leaf venation in Solanum.
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4.1 Abstract
Compound-specific hydrogen isotope ratios (δ2H) of leaf waxes produced by higher plants
correlate with δ2H of meteoric water. This relationship supports the use of leaf wax δ2H as a
paleohydrological proxy, an approach that is widely used in geochemistry. While a broad
relationship between the δ2H of water and waxes has strong support, the details of this
relationship can be complicated by biological differences at the level of plant species, individual
organisms, and single leaves. We examined these differences at the intra-plant and intra-leaf
scale using a model organism, Solanum lycopersicum M82. In juvenile plants, leaves of different
ages produced leaf waxes with variable δ2H values (up to 26‰). In comparison, in mature plants,
leaves of different ages produced waxes with relatively invariant leaf wax δ2H values. Juvenile
plants produced leaves with more enriched δ2H values of leaf waxes than did mature plants.
Within individual leaves, leaf wax δ2H values were enriched by up to 50‰ along a base-to-tip
gradient, suggesting that evaporative leaf water 2H-enrichment can be imprinted on a small scale.
In juvenile plants, waxes with more negative δ2H values were associated with higher relative
amounts of methylated alkanes. Alkane methylation may decrease cuticular permeability, which
would lessen leaf water evaporative 2H-enrichment.

4.2 Introduction
Leaf wax hydrogen isotope ratios (δ2H) are interpreted to reflect precipitation isotopic ratios and
are widely utilized as paleoenvironmental proxies (e.g., Sachse et al., 2012). However,
differences in leaf wax δ2H values can reflect biological variation in addition to changing
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environmental signals. Previous studies have reported on variability in leaf wax δ2H resulting
from multiple levels of biological variation: large ranges in leaf wax δ2H values from different
plant species grown in the same environmental conditions reveal inter-species sources of
biological variability (Feakins and Sessions, 2010; Hou et al., 2007; Pedentchouk et al., 2008);
substantial variation in leaf wax δ2H values from leaves within a single plant demonstrate intraplant sources of variability due to seasonal and biological variation (Sachse et al., 2009); and a
distinctive leaf wax δ2H gradient within individual leaves reveals biological variability at the
intra-leaf level (Gao et al., 2015; Gao and Huang, 2013).
In order to accurately interpret leaf wax δ2H values, it is important to understand when and
where environmental and signals are recorded in plant leaf wax δ2H values. The cuticle of plant
leaves is generally synthesized early during leaf ontogeny (Hauke and Schreiber, 1998; Jenks et
al., 1996; Kolattukudy, 1970). Among tree species, studies have demonstrated that leaf wax
alkanes δ2H values reflect biological and environmental variability only during this early period
of leaf development (Kahmen et al., 2011; Tipple et al., 2013). However, leaf wax abundances
and chemical compositions have been demonstrated to change substantially during the growth of
a plant (Hauke and Schreiber, 1998; Jetter et al., 2006; Shepherd and Griffiths, 2006). These
ontogenetic changes in leaf wax composition might affect the leaf wax δ2H signal and other leaf
wax traits.
Here, we tested whether leaf ontogeny can induce changes in a near-constant environment (i.e.,
greenhouse conditions). We examined patterns of structural and isotopic variation in leaf wax
alkanes in a tomato species, Solanum lycopersicum cultivar M82 (hereafter cv M82). These
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variations occur between young and old leaves, between juvenile and mature plants, and among
the body, sinus, and teeth sections of individual leaves. Our results bear on ontogenetic
differences of leaf wax traits. Additionally, because cv M82 is known to produce substantial
amounts of methylated alkanes (Bender et al., 2017; Halinski et al., 2015), this study provides
insights into potential links between alkane methylation and leaf wax δ2H values.

4.3 Sample Collection and Methods
4.3.1 Sample collection
We collected leaf material from nine different cv M82 plants on two collection dates. All plants
were grown in a greenhouse at the Donald Danforth Plant Science Center (St. Louis, MO). In the
first collection, we sampled leaves to from three relatively mature plants that were well into the
fruit-producing stage. In the second collection, we sampled leaves from six juvenile plants that
had recently begun anthesis (the flowering stage). From three mature and three juvenile plants,
we collected 4-5 leaves from each plant of varying sizes and relative ages: developing leaves
(leaflets not fully unfurled), young leaves (“small” leaflets fully unfurled), intermediate leaves
(“large” leaflets well spread), and old leaves (“large” leaflets fully spread, lobes well developed;
Figures 4.1A and 4.1B). Each sample consisted of five leaflets (terminal, distal lateral left and
right, proximal lateral left and right) from a single leaf of each plant (Figure 4.1C); samples were
collected in paper bags. From three juvenile plants, we collected young leaves and subsampled
them by cutting each leaflet into three segments: teeth, sinus, and body (Figure 4.1D) All cuts

131

were cut perpendicular to the major leaf venation pattern. Teeth, sinus, and body samples were
each pooled from all leaflets of three young leaf samples sourced from the same plant.
Leaf areas were determined with ImageJ (Abràmoff et al., 2004) on scanned images of leaf
surfaces with a scale bar. Leaves were dried for 48 hours in an oven (70 °C) at Washington
University in St. Louis, then cut into 1 cm2 pieces and weighed out into pre-baked 15 mL clear
borosilicate vials. We used the measured leaf areas and leaf masses to calculate leaf mass per
area (LMA; Roderick and Cochrane, 2002).

4.3.2 Extraction, separation, and analytical methods
Leaf waxes from each sample were obtained by immersing in hexane and pipetting. Each
extraction was performed three times, and the extracts were pooled together and dried under a
stream of nitrogen. After drying, we performed silica gel chromatography to separate the alkane
fraction. A known amount of an internal standard (a C16 alkane) was added to each sample for
quantification. The lipid sample was then analyzed on an Agilent 7890A Gas Chromatograph
equipped with a 5975C Series Mass Spectrometric Detector. Lipids were separated on an Agilent
J&W DB-5 column (30 m x 0.25 mm ID, 0.25 µm film thickness). The initial temperature of the
GC oven was 60 °C, and was heated at a rate of 6 °C/min to the final temperature of 320 °C,
which was held for 20 minutes; one sample run lasted approximately 65 minutes.
We compiled concentrations of both normal-alkanes and branched alkanes, which have a methyl
group at either the iso (second) or anteiso (third) position. For each carbon chain length, the isoalkane precedes the anteiso-alkane, which precedes the n-alkane. For example, for alkanes with
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31 carbon molecules, the elution order of alkanes would be i-C31, a-C31, and then n-C31. In order
to quantify differences in alkane distributions, we calculated summary structural traits for each
plant’s distribution of n-, iso-, and anteiso-alkanes. The methylation index (Bender et al., 2017)
is the relative abundance of branched (iso- and anteiso-) alkanes to the total of branched and
unbranched (normal) alkanes as in the equation:
Methylation index =

!"#
!"#

C!"!!! ! !"#$%&' C!"!!!

C!"!!! ! !"#$%&' C!"!!! ! ! C!"!!!

,

(1)

where Cn is the concentration of each iso-, anteiso-, or n-alkane with n carbon atoms. A
methylation index of 0 indicates the presence of only n-alkanes in a distribution, whereas a
methylation index of 1 would indicate that only iso- and anteiso-alkanes are present.
The average chain length (ACL) is the weighted average of the carbon chain lengths, calculated
after Freeman and Pancost (2014) and defined as:
ACL =

!! ∙!
!!

.

(2)

We calculated ACLs for chain lengths C27 – C33, including both odd- and even-numbered
alkanes. We calculated ACLs separately for n-, iso, and anteiso-alkane distributions.
The carbon preference index (CPI) measures the relative abundance of odd over even carbon
chain lengths. CPIs summarize the predominance of odd-over-even carbon-number alkanes, as
calculated after Marzi et al. (1993):
CPI =

!""

!!"!!" ! !"" !!"!!!
!∙ !"!# !!"!!"

.

(3)
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CPIs were calculated separately for n, iso-, and anteiso-alkanes.

4.3.3 Stable hydrogen-isotopic analyses
We measured the ratios of hydrogen isotopes of individual n-alkanes using a Thermo GC-Isolink
with an Agilent J&W DB-5 column (30 m x 0.25 mm ID, 0.25 µm film thickness) coupled via
HTC reactor with a Thermo Scientific Delta V Plus isotope ratio mass spectrometer. The GC
oven temperature was held at 60 °C for 1 minute then heated to 190 °C at 20 °C/min, followed
by a ramp to 320 °C at 6 °C/min and held at 320 °C for 3 minutes.
Delta values of individual n-alkanes were determined relative to an internal n-alkane standard
and are reported as
𝛿!H =

!!"#$
!!"#$%

− 1 ∗ 1000,

(4)

where Rsamp and RVSMOW represent the 2H/1H abundance ratio of the sample and standard, which
is Vienna Standard Mean Ocean Water (VSMOW). Delta values are reported in per mil notation
(‰). All samples were analyzed in triplicate. Suites of externally calibrated n-alkanes and fatty
acids (mixes B4 and F8, respectively, prepared by A. Schimmelmann, Indiana University) were
measured between every fifth sample injection and used to propagate the analytical uncertainty
of replicate analyses (± 5.5‰ to 5.8‰ standard error of the mean, calculated after Polissar and
D’Andrea, 2014).
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4.3.4 Statistical modeling
All leaf and leaf wax trait values measured in this study are available in Supplemental Dataset
4.1. We calculated the group means of all leaf wax traits within each leaf age group (i.e.,
developed, young, intermediate, and old leaves) for the intra-plant samples and within each leaf
section (i.e., teeth, sinus, and body) for the intra-leaf samples. We compared these data sets
(different leaf ages and sections) by using a one-way analysis of variance (ANOVA) and
Tukey’s post-hoc analysis to evaluate significant differences between group means. ANOVA and
post-hoc analyses were performed using the agricolae package in R to identify differences at α =
0.05 (Team, 2015).
Hierarchical clustering and correlation analysis were performed to assess similarities and
correlations among leaf wax traits. Hierarchical clustering was performed using the hclust
function from the stats package in R (Team, 2015) and clustering by the absolute values of
Spearman’s ρ correlation coefficient using Ward’s minimum variance method. The measured
trait values were used to perform a correlation analysis of leaf wax traits from this study. A
correlation matrix was created between all traits measured from all samples in this study,
including Spearman’s ρ values and significance p-values for correlations. The false discovery
rate for significance values were controlled via the Benjamini and Hochberg method (Benjamini
and Hochberg, 1995). Correlation analysis was also conducted for samples collected only from
juvenile plants and for samples only from mature plants.
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4.4 Results and Discussion
4.4.1 Leaf wax abundances and chain-length distributions; leaf
measurements
We found differences in alkane abundances and chain-length distributions among leaves of
various ages from the same plants (Table 4.1, Figure 4.2). LMA did not systematically vary with
relative leaf age or leaflet section, but leaf mass and leaf area both increased with leaf age (Table
4.1). In the juvenile plants, old leaves had greater abundance of leaf wax alkanes than developing
or young leaves [F(3,8) = 12.48, p = 0.002 based on ANOVA). Among the mature plants, there
was an apparent difference (non-significant at α = 0.05) in average leaf wax alkane abundance
between developing and older leaves, with a greater yield in the old leaves. ACL increased with
relative leaf age in all plants (Table 4.1, Figure 4.2). Within the leaves of the mature plants,
ACLs of n-alkanes were significantly higher in the older leaves than in developing leaves
[F(3,11) = 17.32, p < 0.001]. Among the juvenile plants, the old leaves have significantly higher
ACLs than the young leaves [F(3,8) = 7.17, p = 0.012 based on ANOVA]. We observed no
trends in alkane abundance or chain-length distributions within individual leaves (Table 4.1,
Figure 4.3).
Our findings are consistent with previous observations that leaf wax abundance increases most
rapidly during the early stages of leaf development (Hauke and Schreiber, 1998; van Maarseveen
et al., 2009). Among Solanum, alkane concentration increased with leaf age, with longer chain
alkanes preferentially synthesized later. Alkane concentration eventually reached some
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maximum within each leaf, which was independent of plant age (Baker and Hunt, 1986; Kahmen
et al., 2011; Shepherd and Griffiths, 2006).
We discovered significant correlations among leaf wax abundances, ACLs, and leaf
measurements across all samples (Figure 4.5, Supplemental Dataset 4.2). For example, alkane
abundance correlated with leaf area (p = 0.020, ρ = 0.43), leaf mass (p < 0.001, ρ = 0.67), and
LMA (p = 0.005, ρ = 0.50) suggesting that greater leaf surface area, mass, and density
accompany increased absolute alkane production within a leaf. In ecological studies, LMA has
been correlated with leaf life span (e.g., Donovan et al., 2011; Wright et al., 2004), or longevity,
which is a measure of the amount of time that an individual leaf is alive and physiologically
active. Higher LMA and leaf life span are also associated with high energetic construction costs,
as well as low rates of photosynthesis and respiration (Donovan et al., 2011; Wright et al., 2004).
The correlation of alkane concentration with LMA suggests possible association of alkane
concentration with leaf life span and negative correlation with photosynthesis and respiration
rates. One causal mechanism for this might be that longer-lived leaves of cv M82 are able to
produce greater amounts of alkanes, which in turn help to reduce water loss and lower respiration
rates. Previous studies have demonstrated that increased leaf wax abundance accompanies
reduced cuticular transpiration during leaf development (Hauke and Schreiber, 1998), but it has
also been suggested that leaf wax abundance is not a defining factor in leaf cuticle permeability
(Riederer and Schneider, 1990; Riederer and Schreiber, 2001). Additionally, an analysis of nalkyl lipids from 46 different tree species conducted by Diefendorf et al. (2011) suggested that
the correlation of alkane abundance and LMA is not consistent across all plant species. This
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discrepancy between our observations and those of Diefendorf et al. (2011) might be related to
physiological differences, such as the presence of woody tissue, between trees and herbaceous
plants (i.e. Solanum). We also found that ACLs of n-alkanes correlated positively with LMA (p
= 0.001, ρ = 0.55; Figure 4.5; Supplemental Dataset 4.2), leaf mass (p = 0.005, ρ = 0.50), and
alkane abundance (p < 0.001, ρ = 0.76), providing evidence for a relationship between ACL and
leaf age/life span. Previous studies have suggested that longer chain-length alkanes might
accumulate in older leaves due to the preferential abrasion and loss of short chain-length alkanes
(e.g., Baker and Hunt, 1986; Shepherd and Griffiths, 2006). However, abrasive forces (e.g. from
wind or precipitation) are limited in the greenhouse setting of our study, suggesting that
biological factors are also involved with the increase of ACL with leaf age.

4.4.2 Alkane methylation
We observed substantial variability of alkane methylation on the scale of individual plants and
leaves. The relative proportion of methylated (i.e., iso- and anteiso-) alkanes to total alkanes
decreased with leaf age in all plants (Figures 4.2, 4.4A and 4.4B, Table 4.1). This change was
driven primarily by changes in the percent of anteiso-alkanes in both the juvenile and mature cv
M82 plants. In the mature plants, the methylation index and percent of anteiso-alkanes were
significantly higher in the developing leaves than in the old leaves [F(3,11) = 3.65, p = 0.048;
F(3,11) = 7.14, p = 0.006, respectively, based on ANOVA]. Among the juvenile plants, these
changes were apparent but not statistically significant at α = 0.05. Within individual leaves, the
prevalence of branched alkanes decreased across the gradient from the body to the teeth (Figures
4.3 and 4.4C, Table 4.1). Within leaflets, this change was apparently affected by decreases in
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both iso- and anteiso-alkanes; the increase in iso-alkanes in the body section was significant at α
= 0.05 [F(2,6) = 5.16, p = 0.050 based on ANOVA]. Our findings demonstrate that methylated
alkanes are relatively more prominent in younger leaves, but are not produced as abundantly
within older leaves. Within individual leaves of cv M82, fewer methylated alkanes are produced
along the leaf edges than within the leaf body. These patterns might reflect heterogeneities in the
local allocation of the different biosynthetic precursors necessary for producing iso- and anteisoalkanes (Kolattukudy, 1969).
All alkane methylation traits (methylation index and percentages of iso- and anteiso-alkanes)
were positively correlated with each other (p < 0.001, ρ ranged from 0.83 to 0.95 based on
ANOVA; Figure 4.5, Supplemental Dataset 4.2). These traits were also negatively correlated
with alkane abundance (p < 0.001, ρ ranged from -0.56 to -0.67) and LMA (p < 0.001, ρ ranged
from -0.58 to -0.70). Together, our findings reveal that older leaves of cv M82 generally produce
a greater abundance of alkanes, and that a lower percentage of alkanes in older leaves are
methylated. These correlations might reveal information about the relative timing of the
production of methylated alkanes in cv M82. As a leaf begins to unfurl, methylated alkanes are
produced in relatively high abundance. As leaf development continues, alkane production shifts
toward producing a greater relative abundance of n-alkanes. Under such a scenario, a greater
proportion of methylated alkanes might serve a physiological purpose in younger leaves, which
is lost as a leaf matures. Further research is needed to directly assess the effects of alkane
methylation on leaf cuticular physiology during leaf ontogeny.
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4.4.3 Trends in δ 2H values
Intra-plant variability in δ 2H values
Among the leaves from the mature plants, there was a 16‰ range in δ2H values from -165‰ to 149‰; the average δ2H value was -157‰ (Figures 4.2 and 4.4A, Table 4.1). In the leaves from
the juvenile plants there was a 26‰ range in δ2H values from -152‰ to -126‰; the average δ2H
value of these samples was -141‰ (Figures 4.2 and 4.4B, Table 4.1).
Among the mature plants, leaf wax δ2H values were slightly more enriched within the younger
leaves (Figures 4.2 and 4.4A, Table 4.1). This pattern might be caused by leaf water 2Henrichment resulting from increased evapotranspiration within the youngest leaves, which are
farthest along the water transport path within the plant. This finding is consistent with the results
of a previous study that observed progressive leaf water isotopic enrichment along the leaf water
transport path in grasses (Helliker and Ehleringer, 2000). Within the juvenile plants, however,
leaf waxes from young and developing leaves were significantly more depleted in 2H than those
from the old leaves [F(3,8) = 8.24, p = 0.008 based on ANOVA; Figures 4.2 and 4.4B, Table
4.1]. The progressive 2H-enrichment in the older leaves of the juvenile plants likely does not
result from evapotranspirative leaf water 2H-enrichment, given that previous research during the
growth of ivy plants (Hedera helix) revealed that cuticular transpiration was reduced among
older leaves (Hauke and Schreiber, 1998). Instead, this result might reflect other physiological
processes that are specific to younger leaves of juvenile plants, which we elaborate on in a later
discussion of correlations between leaf wax δ2H with alkane methylation.
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The leaf wax δ2H values from the mature plants were significantly more depleted than those
from the juvenile plants (by an average of ~16‰; F(1,25) = 32.28, p < 0.001; dotted lines in
Figure 4.2). This difference in δ2H values might result from either: (i) the plants recording
distinctive irrigation δ2H signatures from the different growth periods; or (ii) a difference in
water allocation between the two groups of plants, resulting in differences in leaf wax δ2H
values. The source water for these plants is expected to reflect local tap water, which is relatively
stable throughout the year (unpublished data; Bowen et al., 2007). Thus, it is likely that the
difference in δ2H values of leaf waxes primarily reflects a physiological difference between leaf
wax δ2H values of mature and juvenile plants. This finding suggests that differences in plant ages
can impact the δ2H value of leaf waxes. However, the results of this study are unable to fully
resolve when δ2H values of leaf waxes are integrated in Solanum.
Intra-leaf variability in δ2H values of leaf waxes
The δ2H values of n-alkanes within individual leaves ranged from -171‰ to -121‰ (Table 4.1,
Supplemental Dataset 4.1). Among all three biological replicates, leaf wax δ2H values became
progressively more enriched along the gradient from leaf body to teeth (i.e., from base to tip;
Figures 4.3 and 4.4C, Table 4.1), with a consistent offset of approximately 35‰ between body
and teeth segments. Previous studies of isotopic variability within different leaf segments have
revealed a consistent base-to-tip leaf water isotopic enrichment among C3 plants and C4 grasses,
which is attributed to the cumulative effect of evaporative enrichment along the transport path of
leaf water (i.e., leaf veins; Gao et al., 2015; Gao and Huang, 2013; Helliker and Ehleringer,
2000). The observed isotopic enrichment pattern of intra-leaf samples in this study is consistent
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with the base-to-tip leaf wax δ2H enrichment resulting from leaf water evapotranspiration (Gao
et al., 2015; Gao and Huang, 2013). The pattern suggests that local leaf wax production utilizes
local leaf water, which is more enriched within the teeth than the body segments of the leaves
due to evaporative processes. This finding provides indirect support for the conclusion that 2Henrichment from leaf water evapotranspiration strongly impacts leaf wax δ2H values on the scale
of a single leaf. Previous studies conducted in different environments have demonstrated that 2Henrichment from leaf water evapotranspiration can result in either substantial (Kahmen et al.,
2013; Tipple et al., 2015) or insignificant (Hou et al., 2008; McInerney et al., 2011) effects on
leaf wax δ2H values. Although our results do not bear on the influence of environmental factors
that might affect 2H-enrichment from leaf water evapotranspiration, our findings provide further
evidence that these enrichment effects can occur under constant environmental conditions.
Correlations of leaf wax δ2H
Leaf wax n-C31 alkane δ2H values were negatively correlated with LMA (p = 0.025, ρ = -0.42;
Figure 4.5, Supplemental Dataset 4.2). Given the correlations previously mentioned between
LMA and decreased respiration rates (Donovan et al., 2011; Wright et al., 2004), this correlation
might reflect that leaves with greater LMA lose less water to the atmosphere via transpiration.
Previous research revealed that mutants of Arabidopsis thaliana with greater stomatal density
had increased transpiration rates over the wild type, resulting in enriched leaf wax δ2H values
(Lee et al., 2016). Our findings are consistent with this result, but the results of our study cannot
fully explain whether differences in leaf wax δ2H values, especially among different leaf and
plant ages, are influenced by changes in transpiration or stomatal density. Additionally, because
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LMA is not generally correlated with other leaf wax traits across all plant types (Diefendorf et
al., 2011), it is likely that this relationship cannot be generalized to all plants.
In order to examine ontogenetic variations in leaf wax δ2H values, we tested for significant
correlations among δ2H values and other leaf wax traits measured independently from both
juvenile and mature plants (Supplemental Datasets 4.3 and 4.4, respectively). We found that,
among juvenile plants, n-C31 δ2H values of cv M82 correlated negatively with all alkane
methylation traits (p ranged between 0.005 and 0.025, ρ was between -0.69 and -0.60; Figure
4.4B and C). This correlation was not consistent among mature plants of cv M82. Our findings
suggest that alkane methylation might play a role in regulating leaf water evaporation within
juvenile plants. We suggest that a relative increase in methylated alkanes helps to reduce leaf
water evaporation via reducing cuticular permeability. The molecular structure, rather than the
abundance, of cuticular waxes has been suggested to regulate cuticular permeability, with
increased tortuosity impeding the transport of water (Geyer and Schönherr, 1990; Riederer and
Schneider, 1990). Compared to n-alkanes, the additional methyl group on the iso- and anteisoalkanes might create a more tortuous diffusion path for water in the leaf cuticle, which would
decrease permeability and limit water loss and subsequent evaporative leaf water 2H-enrichment.
A direct test for differences in cuticular permeability between species with varying proportions
of methylated alkanes [e.g. between cv M82 and Solanum pennellii, which can produce up to
50% of its alkanes as methylated alkanes (Bender et al., 2017)], might reveal whether alkane
methylation plays a role in cuticular permeability.
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4.5 Conclusions
We investigated the variation in leaf wax n-alkane δ2H values of differently-aged leaves from
both juvenile and mature plants of Solanum lycopersicum cv M82 grown in a greenhouse, as well
as the variation in leaf wax n-alkane δ2H values among leaf segments from the same species.
Overall, our findings indicate that leaf wax δ2H values are variable (by up to 26‰) within leaves
of different ages produced by the same juvenile plants of cv M82. Within mature plants,
however, leaf wax δ2H values are relatively more stable, and reflect a slight gradient in 2Henrichment that can be attributed to leaf water evapotranspiration throughout the plant. Our
findings suggest that leaf wax δ2H values integrated by Solanum plants are influenced by the
relative ages of the plant, with δ2H values of leaf waxes from juvenile plants 2H-enriched relative
to those from mature plants. We report that n-alkane δ2H values are enriched (by up to 50‰)
along a base-to-tip gradient within individual leaves from juvenile plants, suggesting that
evaporative leaf water 2H-enrichment can be imprinted upon leaf wax δ2H values. Among
juvenile plants, depleted leaf wax δ2H values are associated with higher relative amounts of
methylated alkanes. This connection might result from decreased leaf water evaporative 2Henrichment associated with greater alkane methylation, which might decrease cuticular
permeability.
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Table 4.1 Leaf wax trait values of intra-plant samples (from both mature and juvenile plants) and
intra-leaf samples (from juvenile plants), averaged across three biological replicates within each
sample subset.
Traits

Mature plants
Dev Young Mid Old
Percent iso-alkanes
6.5
5.2
4.5
3.1
Percent anteiso-alkanes 13.0 5.7
4.0
2.2
Methylation index
0.20 0.11 0.08 0.05
CPI [n-alkanes]
8.1
6.3
6.1
5.1
ACL [n-alkanes]
31.0 31.4 31.4 31.4
CPI [anteiso-alkanes]
0.1
0.2
0.2
0.3
ACL [anteiso-alkanes]
31.9 31.9 31.9 31.8
CPI [iso-alkanes]
8.5
6.5
6.3
4.9
ACL [iso-alkanes]
31.5 31.6 31.6 31.6
2
-154 -153 -158 -161
δ H n-C31 (‰)
Alkane abundance (μg/g) 243 1855 1170 4647
Leaf mass (g)
0.08 0.23 0.54 0.74
2
Leaf area (cm )
23.3 56.2 140.3 193.2
2
LMA (g/m )
35.0 41.8 39.8 38.3
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Juvenile plants
Dev Young Mid Old
11.9 11.9 11.5 11.1
15.2 12.6 11.7 8.7
0.27 0.25 0.23 0.20
6.4
5.5
6.3 5.7
30.6 30.5 30.8 31.0
0.1
0.2
0.2 0.2
31.8 31.8 31.7 31.6
9.4 10.4 11.4 8.6
31.1 31.2 31.2 31.3
-149 -145 -142 -130
164 169 380 603
0.11 0.27 0.35 0.46
36.4 87.0 141.5 212.8
31.5 31.0 25.8 22.1

Body Sinus Teeth
13.7
13.2
0.27
6.7
30.9
0.1
31.8
12.2
31.5
-164
332
0.42
149.2
28.7

12.1
12.1
0.24
6.5
31.0
0.1
31.9
9.9
31.5
-145
254
0.38
157.9
24.0

10.1
9.6
0.20
6.0
31.0
0.2
31.9
9.3
31.7
-129
280
0.19
54.9
33.0

Figure 4.1 Sampling schematic for S. lycopersicum cv M82 plants. Simplified diagrams of a (A)
mature and a (B) juvenile plant of cv M82, including the relative positions of the sampled old,
intermediate, young, and developing leaves. (C) Simplified diagram of a tomato leaf, with the
five primary leaflets that were sampled from each leaf in gray. (D) Simplified diagram of a well
developed tomato leaflet, with the approximate sampling schematic for intra-leaf variability
including the sampled teeth (white), sinus (light gray), and body (dark gray) segments. Note that
intra-leaf variability was sampled among younger leaves, which had somewhat less well defined
lobing than is shown here.
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Figure 4.2 Intra-plant variability of leaf wax traits: average chain length (ACL) of n-alkanes,
total alkane abundance normalized to leaf mass, methylation index, and δ2H of n-C31. Individual
data points are values from biological replicates (n ranges from 3 to 6); average values for traits
shown as horizontal bars. Note the log scale used to plot alkane abundances. For δ2H n-C31
values, analytical uncertainty for samples is ± 5.5‰ to 5.8‰ SEM (not displayed on figure).
Average δ2H values for the mature (-157‰) and juvenile (-141‰) plants are shown in dotted
lines. Letters denote significant differences among trait mean values based on ANOVA.
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Figure 4.3 Intra-leaf variation of leaf wax traits: ACL of n-alkanes, total alkane abundance
normalized to leaf mass, methylation index, and δ2H of n-C31 alkanes. Shown are values for three
biological replicates of each leaf section type; analytical uncertainty for δ2H is ± 5.5‰ to 5.8‰
SEM (not displayed on figure).
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Figure 4.4 Summary figure showing intra-plant and intra-leaf trends of leaf wax δ2H values and
methylation indices; see Table 4.1 for trait values and the text for p-values of significant
differences among mean trait values. (A) Among the mature plants, leaf waxes were somewhat
2
H-enriched among younger leaves (non-significant differences). Alkane methylation was
significantly greater among the younger leaves. (B) Among the juvenile plants, leaf wax δ2H
values were progressively more enriched with leaf age, whereas alkane methylation decreased
among the older leaves. (C) Within the leaflets sampled for intra-leaf variability, leaf wax δ2H
values were progressively more enriched across the body to teeth gradient (equivalent to base-totip). Alkane methylation decreased across the body to teeth gradient. Note that only half of the
leaflet is shown to emphasize the direction of the patterns, and does not reflect sampling.
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Figure 4.5 Hierarchical clustering and correlation matrix of leaf wax traits from all intra-plant
and intra-leaf samples in this study. The upper left quadrant displays significance of correlation
as BH-adjusted p-values (p < 0.05), with orange colors denoting less significant p-values and
purple denoting greater significance. The lower right quadrant indicates Spearman’s ρ values
denoting negative (red), neutral (white), and positive (green) correlations.
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4.8 Appendix
Supplemental datasets for this chapter are available on GitHub at:
https://github.com/aldbender/intra-plant-variability
Supplemental Dataset 4.1 Leaf and leaf wax traits measured from all samples in this study.
Supplemental Dataset 4.2 Pair-wise Spearman correlation coefficient (ρ) values and
significance values (including p-values and BH-adjusted p-values) of leaf wax traits from all
samples correlated with each other.
Supplemental Dataset 4.3 Pair-wise Spearman correlation coefficient (ρ) values and
significance values (including p-values and BH-adjusted p-values) of leaf wax traits from only
juvenile plants correlated with each other.
Supplemental Dataset 4.4 Pair-wise Spearman correlation coefficient (ρ) values and
significance values (including p-values and BH-adjusted p-values) of leaf wax traits from only
mature plants correlated with each other.
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5

INVESTIGATING SPECIES-SPECIFIC
DIFFERENCES IN HYDROGEN ISOTOPIC

FRACTIONATION OF LEAF WAX ALKANES
AMONG SOLANUM SPECIES THAT DIFFER
IN DROUGHT TOLERANCE

To be submitted to Geochimica et Cosmochimica Acta as:
Bender, A.L.D., Tipple, B.J., Bradley, A.S. (2017) Investigating species-specific differences in
hydrogen isotopic fractionation of leaf wax alkanes among Solanum species that differ in
drought tolerance.
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5.1 Abstract
Hydrogen isotopic ratios (δ2H values) of leaf n-alkanes from terrestrial plants in natural
environments are shaped by δ2H of precipitation and thus record information about hydrological
processes. Consequently, n-alkane δ2H values from sedimentary records are often employed for
paleoenvironmental reconstruction. However, it is unclear how much of the signal within leaf
wax δ2H values derives from environmental versus biological sources. Here, we tested the effects
of atmospheric humidity on leaf wax δ2H values and leaf wax biosynthetic fractionation (εbio)
among three closely related species of Solanum (tomato) that have evolved adaptations to or
were selected for different hydrological regimes. We found that alkane chain-length distributions
(i.e., ACL) were unchanged across environmental humidity conditions. Our results confirm that
leaf wax n-alkane δ2H values record the effects of evapotranspiration, which supports the use of
leaf wax δ2H values from sediments to reconstruct changes in environmental humidity. However,
our results indicate that εbio is not constant across all plant species in this study, which may
reflect effects of plant ontogeny on εbio. Our results suggest that species-specific differences in
εbio may alter the δ2H values of leaf waxes from plants grown in the same environment.

5.2 Introduction
Leaf wax n-alkanes are long chain (C21 – C39) hydrocarbons that occur on the waxy cuticle of
plants (Eglinton and Hamilton, 1967; Jetter et al., 2006; Kolattukudy, 1969). Because plants
derive hydrogen from environmental waters, the hydrogen isotopic composition (δ2H) of leaf
wax n-alkanes can provide hydrological information and insights into plant-water interactions
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(Sachse et al., 2012). These aliphatic compounds are readily preserved in sedimentary archives
and can preserve a primary isotopic signal over geologic timescales (Pedentchouk et al., 2006;
Schimmelmann et al., 2006; Sessions et al., 2004; Yang and Huang, 2003). Thus, n-Alkanes
derived from sediments have been used to reconstruct past environmental conditions.
Numerous environmental and climate transect studies have demonstrated that δ2H values of nalkanes extracted from soils and lake sediments correlate with δ2H of measured and modeled
environmental waters (Hou et al., 2008; Huang et al., 2004; Kahmen et al., 2013a; Sachse et al.,
2012; Sauer et al., 2001). These results suggest that sedimentary n-alkanes may record broad
changes in environmental conditions. However, the utility of leaf wax n-alkanes for
reconstructing paleoenvironmental conditions is moderated by uncertainty in the relative
importance of environmental and biological factors that affect the hydrogen isotopic composition
during biosynthesis of n-alkanes. For example, a survey of plants grown contemporaneously in a
semi-controlled environment yielded n-alkanes with a ~90‰ interspecies range in δ2H values
(Feakins and Sessions, 2010).
The relationship between δ2H values of precipitation and leaf waxes (or apparent fractionation,
εapp) varies among plant growth forms (Chikaraishi and Naraoka, 2003; Hou et al., 2008;
Kahmen et al., 2013b; Sachse et al., 2012) and by phylogenetic lineage (Gao et al., 2014). This
variation suggests that biological factors exert control over the apparent fractionation between
meteoric water and plant wax δ2H values. Additionally, evapotranspirative 2H-enrichment of leaf
water has been shown to exert a variable magnitude of influence upon leaf wax δ2H values
(expressed as biological fractionation, εbio) among different experimental settings, ranging from
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insignificant (Hou et al., 2008; McInerney et al., 2011) to substantial (Kahmen et al., 2013b;
Tipple et al., 2015). The results of these studies suggest that environmental humidity can be
recorded to a variable extent by n-alkane δ2H values.
Evapotranspiration may differ among plants adapted to different hydrological regimes, resulting
in distinctive isotopic fractionations. Plants that are tolerant to water stress initiate their drought
response by closing stomata (Flexas and Medrano, 2002), which would limit evapotranspiration
and decrease leaf water evaporative enrichment (ΔD), resulting in decreased εapp. We test these
assumptions and species-specific effects on εbio by examining differences in isotopic
fractionation among three closely related Solanum species that are adapted to different
hydrological regimes. Solanum lycopersicum cv M82 (hereafter cv M82) is a drought-sensitive
domestic cultivar selected in water-replete conditions. Two sister wild species from the Atacama
desert and surrounding region were studied: Solanum pennellii and Solanum habrochaites
(Rodriguez et al., 2009). S. pennellii is a drought-tolerant species endemic to desert regions with
<100 mm annual precipitation; the leaves of S. pennellii are known for accumulating ~20% of
total dry weight in epicuticular lipids (Fobes et al., 1985; Yeats et al., 2012). In comparison, S.
habrochaites is a drought- and cold-tolerant species endemic to regions with ~700 mm annual
precipitation (Yeats et al., 2012). We examined variations in the effects of leaf water evaporative
2

H enrichment on δ2H values of leaf waxes of these Solanum (tomato) species. We controlled

growth conditions and the hydrogen isotopic composition of the source water, and monitored
root water, leaf water, water vapor, and leaf wax n-alkane δ2H values of all plants. This allowed
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us to quantify the contributions of evaporative leaf water enrichment to the n-alkane δ2H signal
in these three species.

5.3 Materials and methods
5.3.1 Plant materials and experimental setup
Seeds of Solanum lycopersicum cv M82, Solanum habrochaites (LA1777), and Solanum
pennellii (LA0716) were obtained from the Tomato Genetics Resource Center (University of
California, Davis). All seeds were prepared and germinated at the Jeanette Goldfarb Plant
Growth Facility at Washington University in St. Louis. All plant material was watered with 2Henriched source water (70‰) prepared in 30-gallon barrels; source water was prepared both with
and without fertilizer (treatment and fertilized, respectively; Figure 5.1). The treatment water
(without fertilizer) was the primary water source, with the fertilized water used intermittently to
promote the growth of plant materials because our growth scheme prevented the addition of solid
fertilizer to the soil. Seeds were planted in plastic seedling starter trays in Metro Mix 360 soil
(Sun Gro, Agawam, MA) on day 1 (May 31, 2016) and covered with a dome-shaped plastic lid
to maintain humidity, then placed in a growth chamber with a 16 hour: 8 hour light:dark cycle.
On day 17 (June 16), the starter trays with the seedlings of S. lycopersicum cv M82 and S.
pennellii were separated and distributed evenly between two climate-controlled growth chambers
(BDW series, Conviron). Because the S. habrochaites seedlings sprouted later than the other two
species, they were removed from the domed container and placed in separate growth chambers
on day 21 (June 20).
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The growth chamber temperature and relative humidity levels were stable by the time the
seedlings were removed from their enclosed dome (day 17; Figure 5.2.). One growth chamber
was operated at low humidity (~28%), and the second was maintained at a higher relative
humidity (~70%) by adding water vapor via built-in humidity controls (Figure 5.2). The relative
humidity (RH) within each growth chamber was constant throughout the experiment: the average
humidity levels were 28.3% and 69.8% for the low and high humidity growth chambers,
respectively (day 17 to day 72, Figure 5.2). During this growth period, the average daily growth
chamber temperature was 24 °C for the high humidity chamber and 24.3 °C for the low humidity
chamber; the low humidity chamber had daily temperature fluctuations ranging from 24.0 to 24.5
°C (Figure 5.2).
Thirty-seven days after planting, the seedlings were transplanted to individual 6” diameter pots
in a 3:1 mixture of Metro Mix 360 soil: Turface MVP (Profile Products, Buffalo Grove, IL), a
clay product used to help aerate the roots of the plants. In order to simultaneously allow source
water to enter the soil and limit evaporative enrichment of water from the soil, each pot was
covered with a single layer of aluminum foil perforated with 15-20 half-inch slits and topped
with two centimeters of gravel. Each chamber contained 12 replicates of S. lycopersicum cv
M82, 14 replicates of S. pennellii, and 22-24 replicates of S. habrochaites. Plants were randomly
distributed throughout each chamber. Anthesis (i.e. the flowering period of a plant) began in late
July for S. lycopersicum cv M82 and S. pennellii; no flowers were observed on any plants of S.
habrochaites.
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5.3.2 Water sample collection, preparation, and isotopic analysis
Water samples from each source water tank were collected in 2-mL glass vials, capped, sealed
with Parafilm® (Bemis North America), and stored in a refrigerator until analysis. Atmospheric
water vapor was sampled from both growth chambers using a cryo-trap system (Helliker et al.,
2002). Air from each growth chamber was pumped through tubing into a glass cold trap that was
submerged in a dry ice/ethanol bath (~78 °C). After 1 hour, the frozen vapor was thawed and
transferred to a baked 2-mL glass vial, capped, sealed with Parafilm®, and stored in a refrigerator
until analysis.
The δ2H values of the source tank water and atmospheric vapor were analyzed on a cavity ringdown spectroscopy instrument coupled to a vaporization module (Picarro, L2130-i, Sunnyvale,
CA) in the SPATIAL laboratory at the University of Utah. Isotopic compositions are reported as
𝛿 = 𝑅!"#$ 𝑅!"#$ − 1 ∗ 1000,

(1)

where R represents the 2H/1H abundance ratio, and Rsamp and Rstnd indicate the sample and
standard, respectively. Delta values are reported in per mil notation and expressed relative to
Vienna Standard Mean Ocean Water (VSMOW).
Each sample was analyzed four times (four consecutive replicate injections) alongside sets of
three laboratory reference materials (PZ = +17 ‰, PT = –46 ‰, UT: –123 ‰ and –16.5) that had
previously been calibrated to the VSMOW-SLAP international isotope scale. Two primary
laboratory reference materials were used for data normalization (PZ and UT) and a secondary
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laboratory reference material for quality control (PT). Analytical precision for δ2H values of the
secondary laboratory reference materials was ± 0.2‰.

5.3.3 Leaf and root crown sampling for water extraction and hydrogen
isotopic analysis
Leaves for water extraction were collected from developed leaves (i.e., leaflets fully unfurled) at
midday on days 63 and 70 of the experiment (August 2 and 9, respectively) in pre-baked 12-mL
glass vials, which were capped, sealed with Parafilm®, and then stored in the freezer until the
time of extraction. The root crown of each plant was collected on day 70 (August 9) and stored
in the same manner as the leaf water samples. Because the stems of all Solanum spp. plants in
this study comprise photosynthetic material, the root crown of each plant was collected in order
to avoid photosynthetic tissues that are affected by evaporative enrichment of 2H (Barnard et al.,
2006; Thorburn et al., 1993).
Root crown and leaf waters were extracted via cryogenic vacuum water extraction at the SIRFER
lab at the University of Utah, following the method of West et al. (2006). Each sample was
placed in a large glass tube attached to an extraction line, and then frozen using liquid nitrogen.
Once frozen, the atmospheric gases in the sample tube were opened to vacuum and removed
from the system, after which the vacuum line was closed. The sample tube was placed in a
boiling water bath; the small tube on the extraction line was placed in liquid nitrogen. The
boiling water caused the water in the sample to evaporate, travel through the extraction line, and
condense in the bottom of the small tube. The condensed water was then covered with Parafilm®,
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thawed, and transferred to a 4-mL glass with activated charcoal, which was added to remove
water-soluble organic compounds. After 48 hours with the activated charcoal, the water was
filtered through a 0.2 µm Acrodisc® syringe filter (Pall Corporation) and transferred into a 2-mL
glass vial for isotope analysis.
The δ2H values of the leaf and root crown waters were analyzed on a Thermo Scientific TC/EA
coupled to a Delta V Advantage isotope ratio mass spectrometer at the SIRFER laboratory at the
University of Utah. Each sample was analyzed alongside a set of three laboratory reference
materials [SIRFER Zero (-0.1‰), EV (-73.0‰), DI (-123.0‰)] and two enriched water
reference materials [B2190 (1701.8‰), B2191 (843.4‰)] that had previously been calibrated to
the VSMOW scale. Analytical precision of the secondary laboratory reference materials was ±
2‰.
Hydrogen isotope ratios in source water
The δ2H value of the growth water in both growth chambers remained nearly constant
throughout the experiment (Figure 5.1). In the low humidity chamber, δ2H of the tap water
averaged 73‰, ranging from 70‰ to 77‰, and the δ2H of the fertilized water averaged 77‰,
ranging from 70‰ to 82‰, becoming slightly 2H-enriched as the experiment progressed. The
source water in the high humidity chamber became less 2H-enriched during the experiment: the
average δ2H of the tap water was 70‰, ranging from 68‰ to 74‰, and the average δ2H of the
fertilized water was 68‰, ranging from 67‰ to 71‰ (Figure 5.1). We calculated the average
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source water δ2H during the course of the experiment as 75‰ for the low humidity chamber and
69‰ for the high humidity chamber.
The δ2H value of atmospheric vapor (δ2Hatmo) in the growth chambers was sampled at five
intervals throughout the experiment (Figure 5.1). δ2Hatmo values of the low humidity chamber
were 2H-enriched relative to the high humidity chamber: δ2Hatmo in the low humidity chamber
averaged -105‰ over time, ranging from -110‰ to -97‰, whereas δ2Hatmo in the high humidity
chamber averaged -84‰ over time, ranging from -87‰ to -79‰ (Figure 5.1). This offset was
caused by the increased input of water vapor from tap water sources to the high humidity
chamber and the aridification of the low humidity chamber via the built-in climate controls of the
growth chambers.

5.3.4 Leaf sampling for lipid extraction, quantification, and hydrogen isotopic
analysis
Leaves for lipid extraction were collected from developed leaves (i.e., fully unfurled leaflets)
into paper bags on day 70 (August 9). Each leaf lipid sample comprised 1-3 leaves combined
from two neighboring plants of the same species. Leaf lipid samples were dried immediately for
48 hours in a 70 °C oven and the lipids were extracted as described in (Bender et al., 2017). As
an overview, epicuticular waxes were extracted with hexane via pipette agitation and separated
by silica gel column chromatography in order to collect the alkane fraction for analysis.
Compounds were identified using an Agilent 7890A gas chromatography (GC) mass
spectrometer with a fused silica, 30 m DB-5 phase column (Agilent J&W Scientific, Agilent
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Technologies) using helium as the carrier gas at a flow rate of 1.5 mL min-1. The GC oven
temperature began at 60 °C and was heated at a rate of 6 °C min-1 to a final temperature of 320
°C, which was held for 20 minutes. Alkanes were identified by their mass spectra and their
concentrations were calculated against an internal standard of known concentration (nhexadecane, Sigma-Aldrich).
Compound-specific hydrogen isotopic analyses were performed at Washington University in St.
Louis using a Thermo GC coupled to a Thermo Delta V Plus isotope ratio mass spectrometer
(Thermo Scientific, Bremen, Germany) interfaced with a high temperature conversion reactor.
The analytical column, carrier flow, and temperature ramp conditions were identical to those
described above. Externally calibrated reference materials of n-alkanes (B4 mixture) and fatty
acids (F8 mixture) provided by A. Schimmelmann (Indiana University) were measured in
between every fifth sample injection for instrument calibration and quality control. The H3+
factor was measured daily before calibrating standards and analyzing samples. Individual nalkane isotope ratios were determined relative to an internal standard that had previously been
calibrated to the VSMOW scale [n-C18 (-53.8‰)]. Most samples were analyzed in triplicate;
some samples of S. habrochaites were low in alkane concentration and were thus analyzed only
twice. Analytical precision of reported δ2H alkane values was ± 6‰ (SEM, calculated after
Polissar and D’Andrea, 2014).
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5.3.5 Leaf water model and data analysis
Craig and Gordon (1965) developed a model for the evaporative enrichment of a surface, which
has been modified and used to predict leaf water isotope values (see Sachse et al., 2012). In order
to assess the model’s validity and to compare our measured leaf water δ2H values, we calculated
leaf water δ2H using an expanded Craig-Gordon model after Tipple et al. (2015):
𝑅wl = 𝛼* 𝛼k 𝑅wx

!i !!s
!i

+ 𝛼kb 𝑅wx

!i !!s
!i

+ 𝑅a

!a
!i

,

(2)

where wl, wx, and a refer to leaf water, xylem water, and bulk air, respectively (Flanagan and
Ehleringer, 1991). The symbols ei, es, and ea correlate to the vapor pressures of the intercellular
air spaces within the leaf, the leaf surface, and the bulk. Leaf surface pressures were estimated
using the equations of Ball (1987). α* refers to the liquid-vapor equilibrium fractionation factor,
which varies with temperature (Majoube, 1971) αk is the kinetic fractionation associated with
diffusion through air (1.0164; Cappa, 2003), and αkb refers to the kinetic fractionation associated
with diffusion through the boundary layer, which is calculated by raising αk to the 2/3 power
(1H/2H = 1.0110).
In order to measure the offset between leaf wax δ2H values and plant source water δ2H values (in
this case, root water), we calculated the apparent fractionation (εapp). We tested the assumption
that biosynthetic fractionation (εbio) is generally considered constant for a given species,
calculating εbio as the offset between leaf wax δ2H and the measured leaf water δ2H values. ε is
defined as
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𝜀 =

δ2 !!"#"$ !!"""
δ2 !!"#$% !!"""

− 1 ∗ 1000

(3)

where δ2H values are calculated as described in Equation 1, with δ2Hlipid referring to average δ2H
values of n-C31 and δ2Hwater referring to δ2H of the root and leaf waters for εapp and εbio,
respectively. As with delta values, epsilon values are reported in per mil notation. To quantify
the contribution of leaf water to the biosynthetic water pool, we calculate ΔD after Kahmen et al.
(2013b) as
ΔD =

δ2 !!" !!"""

δ2 !!""# !!"""

− 1 ∗ 1000

(4)

where δ2Hlw is the mean δ2H value of the bulk leaf water collected two times during the
experiment (Figure 5.3).

5.3.6 Statistical analysis
Statistical analysis was completed using R (R Development Core Team, 2015) and PRISM
(GraphPad Software, Inc.) for Max OS X. The values of leaf wax traits for the data sets were
compared using one-way analysis of variance (ANOVA) and Tukey’s post-hoc test with the
agricolae package in R to identify differences at α = 0.05.

5.4 Results and discussion
5.4.1 Alkane distribution patterns
We analyzed multiple biological replicates of leaf wax alkane extracts: 11 for S. habrochaites in
the high humidity chamber and 12 from the low humidity chamber, 7 of S. pennellii from each
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chamber, and 6 of cv M82 from each chamber. All Solanum species produced normal-alkanes
ranging from C20-C35, with n-C31 being the most abundant, followed by n-C33. These results are
consistent with previous studies of the leaf waxes (Bender et al., 2017; Halinski et al., 2015) of S.
pennellii and cv M82. Methylated alkanes with methyl groups at the iso (second) and anteiso
(third) positions are prevalent across all Solanum species in this study. For each carbon chain
length, the elution order during gas chromatography is as follows: iso-alkane, anteiso-alkane,
and then n-alkane (e.g., i-C31 is followed by a-C31, which is followed by n-C31). We compiled the
peak areas of high-molecular weight alkanes to quantify differences in alkane distributions
among the different species and humidity treatments.
In order to quantify the relative abundance of methylated to total alkanes per sample we
calculated the methylation index after (Bender et al., 2017),
Methylation index =

C!"!!" ! !"#$%&' C!"!!"
!"# C!"!!" ! !"#$%&' C!"!!" ! ! C!"!!"
!"#

,

(5)

where Cn represents the concentration of each iso-, anteiso-, and n-alkane with n carbon items. A
methylation index of 0 would indicate a sample with only n-alkanes, whereas a methylation
index of 1 would indicate the presence of only iso- and anteiso-alkanes.
We found that plants grown in the low humidity chamber had higher methylation indices (i.e.,
they produced more iso- and anteiso-alkanes) than those grown in the high humidity chamber (p
< 0.05; Table 5.1). For the low and high humidity treatments, respectively, methylation indices
were 0.34 ± 0.04 and 0.29 ± 0.03 for S. habrochaites, 0.40 ± 0.02 and 0.36 ± 0.03 for S.
pennellii, and 0.13 + 0.02 and 0.11 ± 0.01 for cv M82. S. habrochaites and cv M82 each
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produced slightly more iso- than anteiso-alkanes, whereas S. pennellii produced a much greater
amount of iso- than anteiso-alkanes (Table 5.1). These data suggest that Solanum plants regulate
alkane methylation partially in response to ambient humidity.
We used carbon preference indices (CPIs) to assess the odd-over-even predominance among
alkanes, as calculated after Marzi et al. (1993):
CPI =

!""

!!"!!" ! !"" !!"!!!
!∙ !"!# !!"!!"

.

(6)

CPIs were calculated separately for n-, iso, and anteiso-alkanes (Table 5.1). All Solanum species
had a strong odd-over-even prevalence for n- and iso-alkanes, which is consistent with previous
observations (Eglinton and Hamilton, 1967; Lockheart et al., 1997). Additionally, there is an
even-over-odd predominance among anteiso-alkanes, which is consistent with previous
observations and has been attributed to the different biosynthetic precursor used for anteisoalkanes (Kolattukudy, 1969; Reddy et al., 2000). S. habrochaites had average n-alkane CPIs of
5.0 ± 0.6 and 3.9 ± 0.5, iso-alkane CPIs of 13.4 ± 1.0 and 9.0 ± 1.7, and identical anteiso-alkane
CPIs of 0.2 ± 0.1. S. pennellii had average n-alkane CPIs of 6.0 ± 0.3 and 6.1 ± 0.5, iso-alkane
CPIs of 9.6 ± 0.4 and 9.3 ± 0.5, and anteiso-alkane CPIs of 0.4 ± 0.1 and 0.5 ± 0.2 for low and
high humidity treatments, respectively. In the low and high humidity chambers, respectively, cv
M82 had average n-alkane CPIs of 5.0 ± 0.4 and 6.2 ± 0.6, iso-alkane CPIs of 5.4 ± 0.5 and 6.2 ±
0.5, and anteiso-alkane CPIs of 0.3 ± 0.1 and 0.2 ± 0.0. We found no systematic variation in
CPIs among all species between the humidity treatments. The n- and iso-alkane CPIs for S.
habrochaites were significantly higher in the low humidity treatment (p < 0.001), whereas the n172

and iso-alkane CPIs for cv M82 were significantly higher in the high humidity treatment (p <
0.01). We found no significant changes in CPIs for S. pennellii.
We assessed changes in the alkane compound distributions between the different humidity
treatments by calculating average chain lengths (ACLs) after Freeman and Pancost (2013),
ACL =

!! ∙!
!!

,

(7)

which was calculated for chain lengths C27-C35. ACLs were calculated separately for n-, iso-, and
anteiso-alkanes.
The compound distributions were fairly consistent for all species, with only small variations in
ACL for a given species (Table 5.1). In the low and high humidity treatments, respectively, S.
habrochaites had n-alkane ACLs of 30.6 ± 0.3 and 30.3 ± 0.3, iso-alkane ACLs of 31.6 ± 0.1 and
31.4 ± 0.2, and anteiso-alkane ACLs of 31.9 ± 0.1 and 31.7 ± 0.2. S. pennellii had n-alkane
ACLs of 31.4 ± 0.1 and 31.5 ± 0.1, iso-alkane ACLs of 31.9 ± 0.1 and 31.8 ± 0.1, and anteisoalkane ACLs of 31.9 ± 0.0 and 31.8 ± 0.1, for low and high humidity treatments, respectively. In
the low and high humidity treatments, respectively, cv M82 had n-alkane ACLs of 31.0 ± 0.1 and
31.1 ± 0.1, iso-alkane ACLs of 31.5 ± 0.1 and 31.5 ± 0.0, and anteiso-alkane ACLs of 31.8 ± 0.1
and 31.9 ± 0.0 (Table 5.1). We observed no systematic variation in alkane distributions among
all Solanum species between humidity treatments. For S. habrochaites, we found that all ACLs
were significantly higher for plants grown in the low humidity chamber (p < 0.05). However, the
pattern was reversed among plants of S. pennellii and cv M82, with n-alkane ACLs significantly
lower among plants grown under the low humidity chamber (p < 0.05).
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It has been suggested that n-alkane chain-length distributions are influenced by environmental
parameters, including temperature and humidity (Bush and McInerney, 2013, 2015; Freeman and
Pancost, 2014). We found that ACLs for n-, iso-, and anteiso-alkanes of S. habrochaites were
significantly higher for plants grown under low humidity conditions; however, ACLs for S.
pennellii and cv M82 did not consistently respond to the different humidity treatments, which is
consistent with the findings of a study of two tree species grown under varying humidity
treatments (Tipple et al., 2015). These results imply that plastic responses of ACL within
individual plant groups cannot be assumed to reliably correlate with changes in humidity, which
is consistent with previous research among Solanum plants that suggested that ACLs are strongly
influenced by genetic controls (Bender et al., 2017). However, this result is uninformative with
respect to variations in ACL among plant populations that have been selected under different
humidity regimes.
The concentration of alkanes normalized to leaf mass (µg alkane/g dry leaf measured for all n-,
iso, and anteiso-alkanes of chain lengths C27-C33; Table 5.1) varied by species. In the low and
high humidity treatments, respectively, the average alkane concentrations were 252 ± 50 and 238
± 78 for S. habrochaites, 1168 ± 304 and 1756 ± 353 for S. pennellii, and 435 ± 154 and 494 ±
167 for cv M82. We found that the average alkane concentration was significantly lower for S.
pennellii plants in the high humidity treatment (p < 0.01), but not different among the other two
species. Our findings suggest that leaf alkane concentrations are primarily driven by speciesspecific differences, rather than by changes to environmental conditions such as humidity.
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5.4.2 Variations of δ2H between low and high RH chambers
Leaf water δ2H
The midday bulk leaf water of the three Solanum species grown in the low RH chamber was 2Henriched over the plants grown in the high RH chamber (Table 5.2, Figure 5.3). The measured
leaf water δ2H (δ2Hlw) values were consistent across the two collection dates, with leaves from S.
habrochaites exhibiting greater variation in δ2Hlw than the other two species. Among the plants
of S. habrochaites, we found that δ2Hlw was more variable for plants grown in the low humidity
growth chamber than those grown in the high humidity chamber (Table 5.2).
When averaged across both sampling dates, δ2Hlw of plants from the low RH chamber were
enriched over δ2Hlw of plants from the high RH chamber by 62‰ for S. habrochaites, 72‰ for S.
pennellii, and 66‰ for cv M82 (Figure 5.3). Root crown water was also slightly enriched in 2H
for plants grown in the dry chamber (Table 5.2); the magnitude of 2H-enrichment for root crowns
was 4‰ for S. habrochaites and 9‰ for both S. pennellii and cv M82. The enrichment of root
water might be due to evaporative soil 2H-enrichment, or might be influenced by enriched
phloem water within the root crown samples. Using Equation 4, we calculated the magnitude of
leaf water evaporative enrichment about root water δ2Hroot, ΔD, for each species after Kahmen et
al. (2013b). ΔD was higher in samples from the low RH chamber than the high RH chamber,
suggesting that evaporative leaf water enrichment had a greater impact on plants grown under
low humidity conditions.
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We modeled δ2H values of leaf water using Equation 5.2 in order to compare against measured
δ2H values of leaf water. Modeled δ2H values of leaf water were 123‰ and 57‰ for the low and
high humidity treatments, respectively; modeled leaf water δ2H values were consistently
enriched over measured δ2H values of leaf water. The difference between modeled and measured
leaf water δ2H values was greatest for S. habrochaites grown under both humidity treatments.
Given the variation in measured leaf water δ2H among three Solanum species (Table 5.2, Figure
5.3), our data suggest that leaf water δ2H model used in this study overlooks influential factors
associated with species-specific differences that affect bulk leaf water δ2H. The Craig-Gordon
leaf water model is known to overestimate average leaf water enrichment during the day (the
Péclet effect; Farquhar and Lloyd, 1993). Additionally, an assumption used in our model was a
constant leaf temperature among all species in both humidity treatments, with a difference of 2
°C between leaf and air temperatures. However, the variable presence of trichomes among
Solanum species may play a role in reducing leaf temperature, which would affect the leaf water
δ2H predictions.
Leaf wax δ2H
The δ2H values of the n-C31 alkane (the most abundant in each species; δ2Hwax) were consistent
for each Solanum species within a single humidity treatment, with standard deviations of less
than 5‰ (Table 5.2, Figure 5.4). Among all species, n-C31 was 2H-enriched in leaves from plants
grown in the low RH chamber compared to those grown in the high RH chamber. These
differences were significant among all Solanum species (p < 0.001). The magnitude of 2Henrichment in n-C31 from leaves of plants in the low RH chamber over the high RH chamber was
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35‰ for S. habrochaites, 54‰ for S. pennellii, and 50‰ for cv M82. Our findings are consistent
with previous observations that humidity and evapotranspiration have a combined strong effect
over δ2Hwax values (Kahmen et al., 2013b; Tipple et al., 2015).
We determined εapp values after Equation 3 to compare the offset between leaf wax δ2H and root
water δ2H values within all Solanum species (Table 5.3). Among all Solanum species, εapp was
more negative for plants grown in the high humidity chamber (p < 0.001). Differences in εapp
between the low and high humidity treatments were 31‰ for S. habrochaites, 43‰ for S.
pennellii, and 42‰ for cv M82. Additionally, we found that εapp of S. habrochaites was
significantly different between and the other two plant species in the high humidity chamber (p <
0.001). Our findings indicate that εapp varies both as a function of environmental factors, such as
humidity in this experiment, and as a function of biological differences.
Contributions of 2H-enriched leaf water
The differences in leaf water δ2Hlw between the low and high RH growth chambers influenced
leaf wax alkane δ2Hwax among all Solanum species (Table 5.2). We quantified the magnitude of
the influence of 2H-enriched leaf water on leaf wax δ2Hwax for each species after Kahmen et al.
(2013b) by determining the contribution of leaf water to the biosynthetic water pool for each
species as the slope of the relationships between ΔD and εapp (Figure 5.5). For S. habrochaites,
the slope of this relationship was 0.53, indicating that 2H-enriched leaf water accounted for 53%
of the biosynthetic water pool, suggesting that leaf wax δ2Hwax values recorded about half of bulk
leaf water 2H-enrichment in S. habrochaites. In comparison, the slope of the relationship
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between ΔD and εapp for S. pennellii and cv M82 was 0.69 and 0.75, respectively, indicating that
the biosynthetic water pool of these two species was more significantly influenced by 2Henriched bulk leaf water than S. habrochaites. Kahmen et al. (2013b) suggested that leaf water
evaporative 2H-enrichment influences leaf wax δ2H values to a greater extent among
dicotyledonous plants (on average, 96%) than among monocotyledonous plants (between 18%
and 68%). However, our findings indicate that there is a greater range of leaf water contribution
to the biosynthetic water pool among Solanum plants (dicotyledonous), which spans the range of
monocotyledonous plants measured by Kahmen et al. (2013b), with a range of 53% to 75% in
this study.

5.4.3 Variable biosynthetic fractionation among Solanum species
We calculated εbio using Equation 3 to compare measured δ2H values of leaf water against δ2H
values of leaf wax (Table 5.3). The εbio values for S. habrochaites ranged from -154‰ to -109‰,
with an overall average of -129‰. For S. habrochaites in the low and high humidity treatments,
respectively, εbio was an average of -137‰ ± 12‰ and -119‰ ± 8‰. For S. pennellii, εbio ranged
between -157‰ and -136‰, with an overall average of -150‰. Within the low and high
humidity treatments for S. pennellii, the average εbio values were -153‰ ± 3‰ and -147‰ ± 6‰,
respectively. For cv M82, εbio ranged between -157‰ and -141‰, with an overall average of 151‰, with average values of -154‰ ± 1‰ and -148‰ ± 7‰ for low and high humidity
treatments, respectively. We found significant differences in εbio between the two humidity
treatments for S. habrochaites (p < 0.001) and S. pennellii (p < 0.05).
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εbio of S. habrochaites was significantly different from S. pennellii and cv M82 in both humidity
treatments (p < 0.001; Table 5.3). The difference in εbio among Solanum species may be related
to fundamental differences in biochemical fractionations during leaf wax alkane synthesis.
Previous studies have emphasized that contributions of 2H-depleted NADPH to carbon skeletons
during lipid biosynthesis can alter εbio (Kahmen et al., 2013a, 2013b; McInerney et al., 2011;
Zhang et al., 2009). Species-specific variations in εbio and leaf wax δ2H values in this study could
result from differing contributions of isotopically distinct NADPH pools during n-alkane
biosynthesis. Our findings support the conclusions of Kahmen et al. (2013b), suggesting that
species-specific differences in biosynthetic fractionation can impart significant differences in leaf
wax δ2H values grown under identical environmental conditions. Alternatively, the differences in
εbio between S. habrochaites and the other two Solanum species may be related to differences in
the functional ages of the plants at the time of sample collection. Although plants of S. pennellii
and cv M82 in both growth chambers reached the flowering stage during the experiment, plants
of S. habrochaites did not flower in either growth chamber. Previous studies have demonstrated
that different leaves from juvenile plants of cv M82 (i.e., those that have not reached the
flowering stage) produced leaf waxes with more variable δ2H values when compared to different
leaves from mature plants (unpublished data, see Chapter 4). However, it remains unclear how
leaf wax biosynthetic fractionation may be affected by plant ontogeny, given that leaf water δ2H
values were remarkably constant among sampling dates (Figure 5.3).
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5.5 Conclusions
We tested for differences in leaf wax biosynthetic fractionation (εbio) among three closely related
species of Solanum (tomato) in two climate-controlled growth chambers with different humidity
treatments. Our findings support the interpretation that shifts in compound distributions (i.e.,
ACL) measured from sedimentary alkanes may reflect shifts in plant populations, rather than
changes in environmental humidity conditions. We observed that midday leaf water δ2H values
were constant across the same species grown under the same humidity levels. We compared
measured leaf water δ2H values against those predicted by a modified Craig-Gordon model, and
found that modeled leaf water δ2H values consistently overestimated leaf water 2H-enrichment in
all Solanum species. Our results confirm that leaf wax n-alkane δ2H values record the effects of
evapotranspiration, which supports the use of leaf wax δ2H values from sediments to reconstruct
changes in environmental humidity. Our study reveals that biosynthetic fractionation (εbio) is not
constant across all plant species, even within the same plant genus (Solanum), which may reflect
on species-specific differences in εbio or may be attributed to effects of plant ontogeny. Speciesspecific differences in εbio may alter the δ2H values of leaf waxes from plants grown in the same
environment, thus imprinting a biological signal on sedimentary records of leaf waxes that may
be interpreted as a variable environmental signal.
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Table 5.1 Structural leaf wax traits for three Solanum species for the low and high humidity
(RH) climate-controlled growth chambers, with mean values and one standard deviation of the
mean. Mean values are calculated for 11 and 12 biological replicates of S. habrochaites in the
low and high humidity chambers, respectively, for 7 biological replicates of S. pennellii, and 6
biological replicates of cv M82.
Traits

S. habrochaites

S. pennellii

cv M82

Low RH

High RH

Low RH

High RH

Low RH

High RH

Methylation index

0.34 ± 0.04

0.29 ± 0.03

0.40 ± 0.02

0.36 ± 0.03

0.13 ± 0.02

0.11 ± 0.01

Percent iso-alkanes

19 ± 3

15 ± 3

35 ± 1

32 ± 2

8±1

6±1

Percent anteiso-alkanes

16 ± 2

14 ± 2

6±1

5±0

6±1

5±1

CPI (n-alkane)

5.0 ± 0.6

3.9 ± 0.5

6.0 ± 0.3

6.1 ± 0.5

5.0 ± 0.4

6.2 ± 0.6

CPI (iso-alkane)

13.4 ± 1.0

9.0 ± 1.7

9.6 ± 0.4

9.3 ± 0.5

5.4 ± 0.5

6.2 ± 0.5

CPI (anteiso-alkane)

0.2 ± 0.1

0.2 ± 0.1

0.4 ± 0.1

0.5 ± 0.2

0.3 ± 0.1

0.2 ± 0.0

ACL (n-alkane)

30.6 ± 0.3

30.3 ± 0.3

31.4 ± 0.1

31.5 ± 0.1

31.0 ± 0.1

31.1 ± 0.1

ACL (iso-alkane)

31.6 ± 0.1

31.4 ± 0.2

31.9 ± 0.1

31.8 ± 0.1

31.5 ± 0.1

31.5 ± 0.0

ACL (anteiso-alkane)

31.9 ± 0.1

31.7 ± 0.2

31.9 ± 0.0

31.8 ± 0.1

31.8 ± 0.1

31.9 ± 0.0

µg alkane/g leaf

252 ± 50

238 ± 78

1168 ± 304

1756 ± 353

435 ± 154

494 ± 167

Table 5.2 δ2H values of leaf water (days 63 and 70), root water (day 70), and n-C31 alkanes
(δ2Hwax) of all three Solanum species grown in the low and high relative humidity (RH) climatecontrolled growth chambers. Values are the mean of n replicate plants (n is lower for δ2Hwax
values because leaf samples for lipid were pooled from neighboring plants to increase sample
yield), and sd represents one standard deviation of the mean.
Treatment

Leaf water day 63
Leaf water day 70
Root water day 70
δ2Hwax

S. habrochaites

S. pennellii

cv M82

Mean (‰)

sd

n

Mean (‰)

sd

n

Mean (‰)

sd

n

Low RH

87

17

15

110

6

12

102

8

11

High RH

20

11

12

38

8

13

35

9

11

Low RH
High RH
Low RH
High RH
Low RH
High RH

91
34
58
54
-60
-95

18
11
12
9
4
4

15
12
14
14
11
12

117
46
60
51
-57
-111

5
6
9
17
2
4

12
12
12
14
7
7

114
48
64
55
-63
-114

8
4
8
13
2
5

11
11
9
10
6
6
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Table 5.3 Biological (εbio) and apparent (εapp) fractionation values for the three Solanum species
grown in the low and high RH (relative humidity) climate-controlled growth chambers. Epsilon
values were calculated using Eq. 3, where εbio represents the offset between δ2H of n-C31 and
measured leaf water, and εapp represents the offset between δ2H of n-C31 and measured root
water. Values are the mean of n replicate analyses, as recorded in Table 2 for δ2Hwax and with sd
indicating 1σ standard deviation of the mean. Statistical differences in values of εbio and εapp
between the low and high RH chambers for a given species were calculated by one-way
ANOVA; p-values of these analyses are presented in the table.
εbio

εapp

Low RH

High RH

Mean (‰) sd

Mean (‰) sd

p-value

Low RH

High RH

Mean (‰) sd

Mean (‰) sd

p-value

S. habrochaites

-137

12

-119

8

<0.001

-110

10

-141

6

S. pennellii

-153

3

-147

6

<0.05

-110

3

-153

10 <0.001

cv M82

-154

1

-148

7

<0.1

-119

5

-161

9

183

<0.001
<0.001

Figure 5.1 Hydrogen isotopic composition (δ2H) of fertilized and tap growth waters (circle and
square symbols, respectively) and atmospheric water vapor (diamond symbols) measured during
through the experiment. Open symbols indicate values from the low humidity chamber; black
symbols indicate values from the high humidity chamber. Dotted line at day 17 represents the
date when seedlings were removed from the domed lid and placed into separate chambers.
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Figure 5.2 Relative humidity (RH) and temperature measured daily at midday and midnight
from the low (open symbols) and high (black symbols) humidity climate-controlled chambers
during the experiment. Dotted line at day 17 represents the date when seedlings were removed
from the domed lid and placed into separate chambers.
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Figure 5.3 Midday leaf water δ2H values measured on days 63 and 70 of the experiment from
three Solanum species grown in the low (open symbols) and high (black symbols) humidity
climate-controlled chambers. Dotted and dashed lines represent the modeled leaf water δ2H
values for the low (123‰) and high (57‰) humidity treatments, respectively. δ2H values and
standard deviations are printed in Table 5.2.
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Figure 5.4 Scatter dot plot of δ2H values from n-C31 alkanes for all biological replicates of three
Solanum species, collected on day 70 of the experiment, from the low (open symbols) and high
(black symbols) humidity climate-controlled chambers. δ2H values and standard deviations are
printed in Table 5.2.
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Figure 5.5 The relationship between leaf water evaporative enrichment relative to source water
(ΔD) and apparent fractionation (εapp). The slope of the line represents the fraction of
enriched leaf water that contributes to the pool of leaf wax biosynthetic water, with gray
lines indicating hypothetical 1:1 relationships between ΔD and εapp. The intercept of the
line approximates average εbio for each species. ΔD and εapp values, associated standard
deviations, and number of replicates are in Table 5.3. Figure after Kahmen et al. (2013b).
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